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ABSTRACT OF DISSERTATION

PORE ENGINEERING OF SURFACTANT TEMPLATED NANOPOROUS SILICA
USING SUPERCRITCAL CARON DIOXIDE
The use of compressed CO2 processing to alter the pore size, structure and
timescale of silica condensation in surfactant templated silica thin films and powders is
investigated by systematically varying the template structure and CO2 processing
conditions. Tailoring the mesoporous materials increases its potential applications, as
demonstrated in catalysis, drug delivery, chromatographic and electrode applications.
This work demonstrates for the first time the applicability of fluorinated surfactants as
templates for the synthesis of mesoporous silica thin films by dip coating. Well-ordered
films with 2D hexagonal close-packed pore structure are synthesized in an acid-catalyzed
medium using three cationic fluorinated templates of varied tail length and branching
(C6F13C2H4NC5H5Cl, C8F17C2H4NC5H5Cl and (CF3)2CFC5F9C2H4NC5H5Cl). CO2
processing of the fluorinated templated silica results in a significant and controlled
increase in pore diameter relative to the unprocessed films. The pore expansion is
significantly greater compared to the negligible expansion observed in hydrocarbon
(C16H23NC5H5Br) templated silica. The greater swelling of the fluorinated templates is
attributed to the favorable penetration of CO2 in the ‘CO2-philic’ fluorinated tail and the
relative solvation of each template is interpreted from their interfacial behavior at the
CO2-water interface.
The CO2 based pore expansion observed in fluorinated surfactant templated films
is extended successfully to base-catalyzed silica powders templated with a fluorinated
surfactant (C6F13C2H4NC5H5Cl). Pore expansion in silica powders is significantly less
than in acid catalyzed films and demonstrates the effects of pH on surfactant selfassembly in CO2 and increased silica condensation at basic conditions, which inhibits
pore expansion.
Finally, the use of fluorescence probe molecules is demonstrated for in-situ
monitoring of the of CO2 processing of surfactant templated silica films to provide time
dependent data on the local environment and dynamics of CO2 penetration. CO2 uptake
occurs in surfactant tails even for hydrocarbon templates (C16H23N(CH3)3Br and
C16H23NC5H5Br), which display negligible CO2 based swelling of the resulting pores.

The timescale of silica condensation increases significantly in the presence of CO2
suggesting opportunities for structure alteration through application of external forces,
such as magnetic fields and change in substrate chemistry and system humidity.
KEYWORDS: Supercritical fluids, ‘CO2-philic’ fluorinated surfactants, mesoporous
silica, surfactant solvation, fluorescence spectroscopy.
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CHAPTER ONE

INTRODUCTION

The synthesis of porous materials (ceramics, polymers, activated carbon, metal
oxides, metal-organic matrices) with high surface area and a well-ordered structure, has
been an important and active field of research for many years because of their wide
variety of applications. The most extensive application of such materials has been in
catalysis, both as active catalysts1-4 and as catalyst support5-11, adsorption12-15 and
separations.16-20 Applications have also been extended to novel areas such as fuel cells,21
semiconductors,22 and biological materials.23 In 1992, the synthesis of well-ordered
porous materials was demonstrated through the thermodynamically controlled coassembly of surfactant templates with metal oxide precursors for the synthesis of porous
silica, thus dictating a high degree of control over the final pore structure.24 The
surfactant templating technique was later extended to the formation of thin porous silica
films with long range order.25,26 Subsequently, porous silica materials have been tailored
to increase their potential applications through choice of the surfactant template (cationic
surfactants, e.g. CTAB24; anionic surfactants, e.g. SDS27; nonionic surfactants, e.g. Brij
5628; block coplymers, e.g. P123;28,29 and fluorinated surfactants30,31), introduction of
functional groups32-36 or by introduction of an organic swelling agent to alter the pore
structure with a given template.37-40
The many attractive properties of supercritical (sc) CO2 compared to traditional
organic solvents suggest its application for tailoring surfactant templated porous
materials. Sc CO2 is an inexpensive, nontoxic, nonflammable, chemically inert and
environmentally friendly (unregulated by the U.S. Environmental Protection Agency)
solvent. Additionally, sc CO2 possesses high diffusivity, low viscosity, low surface
tension and a pressure tunable solvent strength. Over the last two decades, application of
CO2 in diverse areas such as extraction of metals and drugs,41,42 polymer synthesis and
processing,43-45 nanoparticle synthesis,46-48 coatings,49 catalysis,50,51 photoresist drying52
and processing of microelectronic devices53 has been investigated. The application of sc
CO2 in processing inorganic porous materials has also significantly increased; its high
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diffusivity allows quick diffusion into the nanometer sized pores while the absence of a
liquid-vapor interface during removal of sc CO2 prevents pore collapse.54-60 Sc CO2 has
been applied to infuse precursors into preformed templates to synthesize nanoporous
metals and oxides54,55, while nanoparticles dissolved in sc CO2 have been successfully
impregnated into small micropores of FSM-16 as a result of the favorable penetration of
sc CO2 compared to liquid solvents.54 sc CO2 has also been used as the solvent for
alumina functionalization in mesoporous silica,56 in catalysis applications in mesoporous
silica57,58 and as a solvent for surfactant extraction from surfactant templated porous
silica.59,60
The use of sc CO2 as a processing solvent is limited by its poor solvent power,
particularly for polar solutes. Improvement of this solvent strength has been achieved in
various studies by creating polar domains in CO2 based reverse emulsions and
micromeulsions through the use of surfactants.51,61-64 However, sc CO2 is unable to form
emulsions and micromeulsions with most of the commercially available hydrocarbon
surfactants65 because the lower polarizability of CO2 compared to organic solvents results
in weak solvation of the surfactant tails by CO2.66 Surfactants having low cohesive
energy density and high free volume (e.g. siloxanes, surfactants with methyl groups and
tail branching, oxygen containing molecules, e.g. carbonyls, ethers, and fluorocarbon
groups) have favorable interactions with CO2 and are termed ‘CO2-philic’.64,67-74
Alternatively, there has been limited investigation of CO2 penetration in concentrated
surfactant mesophases.75
Cationic fluorinated surfactants (e.g., perfluoralkyl pyridinium chlorides)31,76 and
nonionic

fluorinated

surfactants

(FSO-100

(CF3-(CF2)4(EO)10)

and

FSN-100

(CF3(CF2)5(EO)14))30 have recently been demonstrated as templates for the successful
synthesis of mesoporous silica powders. Advantages of fluorinated templates include the
ability to obtain a wide range of pore sizes in both microporous and mesoporous ranges,31
a wide variety of pore structures (both hexagonal close-packed and novel mesh phase
structures),31 novel fluorinated functional group incorporation,77 vinyl functionalized
materials with increased accessibility relative to hydrocarbon surfactant (CTAB)
templated powders,76 and higher hydrothermal stability compared to hydrocarbon
templated materials.78 Potential application of such diverse materials has been suggested
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for novel CO2 adsorbents, packing materials in chromatography columns for separation
of fluorocarbon and hydrocarbon compounds, and controlled drug delivery.77,79
Perfluoroalkyl pyridinium chloride surfactants have also been suggested for other
potential applications in novel gene and drug delivery systems.80

1.1 Research Hypothesis
This dissertation examines the overall hypothesis that fluorinated surfactant
templating can be extended to porous silica films and that subsequent processing of these
films by compressed CO2 will alter the pore structure. Significant interaction of CO2 with
the fluorinated templated materials is expected compared to traditional hydrocarbon
templated materials. The pressure tunable solvent strength of CO2 along with the use of
templates with varying structure is expected to result in tailored silica materials.

1.2 Research Objectives
The specific objectives of this research are:
1. To synthesize well-ordered porous silica thin films using fluorinated surfactants
as templating agents.
2. To determine pore structure for fluorinated surfactant templated silica films and
powders as a function of surfactant template and CO2 processing conditions using
X-ray diffraction (XRD), transmission electron microscopy (TEM) and nitrogen
sorption measurements
3. To compare the pore expansion observed in fluorinated templates with that for
traditional hydrocarbon surfactant templates at similar CO2 conditions and to
determine if pore size can be tailored by selective solvation of fluorocarbon
groups in the template.
4. To develop an interpretation of the pore expansion behavior as a function of
surfactant template and its interactions with CO2 and thereby to provide a
systematic approach to design future surfactant systems to generate specific
tailored pore sizes.
5. To investigate the mechanism of CO2 processing of surfactant templated silica
films using high pressure spectroscopy techniques.
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1.3 Overview of Dissertation Chapters
Chapter 2 provides a brief overview of synthesis and applications of surfactant
templated materials, the thermodynamics of self-assembly and mesophase formation for
surfactants, the tailoring of the mesostructure by solvents, compressed CO2 processing of
surfactant systems, and different techniques used in fluorescence spectroscopy to probe
surfactant micelles and CO2 systems.
Chapter 3 demonstrates the first synthesis of well-ordered acid-catalyzed silica thin
film templated with a fluorinated surfactant, 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10Heptadecafluoro-decyl)pyridinium chloride (C8F17C2H4NC5H5Cl) and subsequent CO2
processing to expand the pore size as a function of CO2 conditions while maintaining the
long range structure before surfactant extraction. Chapter 4 continues with the CO2
processing of nanoporous silica thin films using three cationic fluorinated surfactant
templates (perfluoralkyl pyrdinium chloride surfactants with systematic variation in tail
length and branching) and pore expansion is compared as a function of template structure
and CO2 conditions. The relative pore expansion for each template as a function of
processing conditions is further interpreted from the interfacial behavior of the
surfactants at CO2-water interfaces.
Chapter 5 successfully extends the CO2 processed pore expansion observed in porous
silica films to base-catalyzed silica powders templated with the fluorinated surfactant 1(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)-pyridinium chloride (C6F13C2H4NC5H5Cl)
and compares pore expansion as a function of CO2 conditions between mesoporous silica
films and powders.

Chapter 6 investigates the ability of CO2 to preferentially solvate

CO2- philic groups in concentrated surfactant mesophases by studying pore expansion as
a function of the percentage of fluorocarbon segments in the surfactant template.
Finally, Chapter 7 establishes high pressure steady state fluorescence spectroscopy as a
powerful technique to investigate CO2 penetration and delivery of solutes by CO2
processing of surfactant templated films in real time.

Copyright © Kaustav Ghosh 2007

4

CHAPTER TWO

BACKGROUND

The chapter briefly introduces the different types of porous materials, their
applications and provides a description of the synthesis of surfactant templated
mesoporous ordered materials. Self-assembly of surfactants to generate micelles and
ordered liquid crystals are discussed next. The chapter continues with a detailed
discussion of the synthesis of ordered mesoporous silica thin films and methods of
tailoring the structure of templated porous silica. The interactions of compressed CO2
with surfactant aggregates is discussed next followed by a brief review of different
techniques in fluorescence spectroscopy and its application to probe surfactant micelles,
templated materials and high pressure CO2 systems.

2.1 Porous Materials
Porous materials have been the subject of many investigations because of their
wide application in a variety of industrial areas. Porous inorganic oxides and carbons
have found application in catalysis,81 adsorption, membrane separations82 and in-vitro
tissue engineering.83 Porous polymers are applied as packing materials for
chromatography,84 adsorbents, ion exchange materials85 and catalyst supports.86 The large
number of applications of the porous materials is due to their high surface area and
porosities. Their unique dimensions determine their applications. Porous materials are
classified into three groups according to their sizes: microporous materials having pore
sizes less than 2 nm; mesoporous materials with pore sizes between 2 and 50 nm; and
macroporous materials having pore sizes greater than 50 nm.
Zeolites are the most widely used microporous materials because their crystalline
aluminosilicate network87 and very narrow pore size distribution88 provide important
advantages in numerous applications in catalysis89 and adsorption.90 However most
available zeolites have pore sizes between 4 Å to 7 Å81 which limits their application for
larger organic molecules. Porous materials synthesized by intercalation of layered
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materials such as metal phosphates and clays91 and porous glasses and gels92 have pore
size in the mesoporous range but their broad pore size distribution limit their applications.
In 1992, researchers from Mobil Corporation discovered the first controlled
method to synthesize mesoporous materials with long range order.24 Surfactants were
used as pore templates with their self-assembled mesophases dictating the pore structure.
The inorganic precursor formed a solid network around the templates through interaction
with the surfactant head group and subsequent removal of the template resulted in the
final ordered material. The synthesis of ordered mesoporous materials greatly increased
the application of porous materials in catalysis, adsorption, separation, photocatalysis,
hydrogen

storage,

solar

cell

technologies,

drug

delivery,

biocatalysis

and

bioadsorption.93-100

2.2 Surfactant Self Assembly
Surfactants are surface active molecules with one part having an affinity for polar
media while the other region interacts favorably with non-polar media. The interactions
direct the molecules to spontaneously form an oriented monolayer at the water-air
interface thus lowering the surface tension. Surfactants are classified into four major
groups according to the nature of their head groups: anionic (negatively charged head
group), cationic (positively charged head group), non-ionic (no charge on the head group)
and zwitterionic (both positive and negative charges on the head group).101
Surfactants present in very low concentration in aqueous solutions adsorb mainly
at the interface and remains dispersed in solution as monomers. Increasing the surfactant
concentration above the critical micelle concentration (cmc)101 results in the formation of
aggregates called micelles with the hydrophobic tails contained within the micelle
interior and the hydrophilic headgroup facing the aqueous medium.102 The formation of
such micelle aggregates is a thermodynamically controlled process driven by the
hydrophobicity of the surfactant tails.101 Several researchers, most notably Nagarajan and
Blankschtein, have investigated the thermodynamics of micelle formation and have
determined the theoretical cmc and micelle structure of surfactants by investigating the
Gibbs free energy change for the process.103-107 Several interactions of the surfactants
were determined to be important for the micelle formation process including the
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hydrophobic interactions (enthalpic) between surfactant tails and water, conformational
effects (entropic) associated with chain packing in the micelle core, interfacial effects at
the micellar core-water interface, and finally steric (entropic) and electrostatic
interactions (enthalpic) between surfactant headgroups.106 Different combinations of
these interactions leads to different micelle shapes such as spherical, cylindrical, lamellar,
etc.
The micellar structure is related to the geometry of surfactant using the surfactant
packing parameter, g = v/al,108 where v is the volume of the hydrophobic chain, l the
length of the chain and a the head-group area per molecule. a is actually a
thermodynamic quantity and can roughly be defined as a = (α/σ)1/2, where α is a
headgroup interaction parameter and σ is the interfacial free energy.109,110 Spherical
micelles are obtained for g < 1/3, a cylindrical structure is obtained for 1/3 < g < 1/2, a
bilayer is obtained for ½ < g < 1 and inverse structures are obtained for g > 1.108 An
increase in surfactant tail length makes the surfactant more hydrophobic resulting in
easier self-assembly and a corresponding lower value of cmc. Branching of surfactant
tails also result in micelle formation at a lower cmc and in aggregates that are more
loosely packed.111
A progressive increase in surfactant concentration above the cmc results in the
micelles packing together and forming a variety of liquid crystal structures. The resulting
liquid crystal structures are functions of surfactant concentration and packing parameter.
The different micelle structures and liquid crystal phases observed for a model
hydrocarbon surfactant, cetyltrimethylammonium bromide (CTAB) is schematically
presented in Figure 2.1. At the lowest surfactant concentration for micelle formation,
spherical micelles are observed with a high curvature and headgroup area per molecule.
With an increase in surfactant concentration, the curvature of the structures decreases and
cylindrical micelles are formed. Liquid crystal structures are formed at even higher
surfactant concentration and decreases in curvature with increase in concentration to form
hexagonal, cubic and finally lamellar phase.112
Fluorinated surfactants are a special class of surfactants where one or more of the
hydrogen atoms in the surfactant tail are replaced by fluorine. The presence of fluorine
results in many unique properties including fluorinated surfactants being considerably
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Figure 2.1. Phase diagram and schematics of surfactant liquid crystal phases for
CTAB (adapted from Edler et. al.112)
more hydrophobic than hydrocarbon surfactants and thus forming self-assembled
structures at lower cmc values.113 Fluorinated tails are also more rigid due to a higher van
der Waals radius of fluorine compared to hydrogen, resulting in lower surface tensions
and also self-assembled structures having lower curvature compared to hydrocarbon
surfactants.114,115 This translates to fluorinated liquid crystals generally forming ‘meshphase’ structures (random mesh and rombohedral mesh) at concentrations corresponding
to cubic structures for the hydrocarbon surfactants. Other than advantageous self-
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assembly properties, fluorinated surfactants are also more resistant to oxidation and have
excellent thermal and chemical stability.116

2.3 Mesoporous Silica Thin Film – Synthesis and Characterization
The synthesis of mesoporous silica powders via the surfactant templating
route has received increasing attention ever since its first synthesis in 1992. The
application of a variety of templates (cationic surfactants, nonionic polyethylene oxides
alkyl ethers and triblock copolymers), different silica precursors (sodium silicate, TEOS
and TMOS) and varying synthesis conditions (acidic or basic) have resulted in new
families of mesoporous materials including HMS,117 MSU,118 KIT,119 FSM,120 SBA.95
Studies have shown the ability to tailor the pore size (2 - 30 nm), shape and structure
(hexagonal, cubic, disordered) for a variety of applications.121,122 Fluorinated surfactants
have also been applied recently as templates for synthesis of mesoporous silica and have
demonstrated significant advantages. The high hydrophobicity of fluorocarbon groups
has resulted in the successful use of a small single chain fluorinated surfactant,
C2H5(CH2)2NC5H5Cl as a pore template to design porous silica with pore sizes as small
as 1.6 nm. These pores are among the smallest formed by the surfactant templating
route,123 thus providing potential applications in catalysis.89 Mesoporous silica with novel
intermediate ‘mesh-phase’ structure was synthesized using another fluorinated surfactant
template, C8H17(CH2)2NC5H5Cl and represents a structure difficult to obtain using
traditional hydrocarbon templates.124 Novel fluorinated functional groups have been
incorporated in fluorinated templated silica powders and the materials were demonstrated
to have application in chromatography towards separation of fluorocarbon and
hydrocarbon compounds.77
The synthesis of surfactant templated mesoporous silica thin films with precisely
controlled pore geometry has increased the application of porous silica even further to
areas such as membranes, sensors, semiconductors, surface coatings, optical and
electrical molecular devices.125-133 Thin films were first prepared around the same time by
Ogawa using spin coating25 and Lu and colleagues through dip-coating26 of surfactant
and hydrolyzed precursor solutions on substrates. The synthesis of dip-coated silica thin
film proceeds through an evaporation induced self-assembly process (EISA) and a
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Figure 2.2 . Thickness of film during dip-coating of a solution of
silica, surfactant, alcohol, and water. Surfactant concentration
increases with dip-coating time and distance above the reservoir
surface (adapted from Lu et. al.26)
schematic of the the different processes occurring during EISA is presented in figure 2.2
(adapted from ref. 26). A homogenous solution of hydrolyzed silica and surfactant in a
dilute acidic solution (pH ~ 2) of mainly ethanol and water is first prepared, such that the
surfactant concentration is well below cmc and surfactants exist as monomers.26 As the
substrate is dip-coated with the silica solution, preferential evaporation of alcohol first
increases the concentration of the surfactant above the cmc driving silica-surfactant
micelle formation (t ~ 4.5 s after start of dip-coating in Fig. 2.2) and further ethanol
evaporation results in the formation of liquid crystalline silica-surfactant mesophases (t ~
6 s after dip-coating start). Continued evaporation and gravitational draining results in the
formation of the initial silica-surfactant film mesostructure in about 10 s (Fig. 2.2). The
pH of 2 for the dip-coating solution is near the iso-electric point of silica and keeps silica
condensation rate at a minimum during this initial mesostructure formation and drives co-
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assembly between surfactant and hydrolyzed silica instead of separate silica
precipitation.26 The silica condensation begins mostly after the initial mesostructure is
formed and proceeds for a considerable period called the Modulable Steady State (MSS)
period, when the aggregate structure can still be modified by external forces.134
The silica hydrolysis and condensation reactions with tetraethoxy silane (TEOS)
as precursor are given below:
Hydrolysis:
Si-OC2H5 + H2O  Si-OH + C2H5OH

(2.1)

Si-OH + Si-OH  Si-O -Si + H2O

(2.2)

Condensation:

In acidic conditions, silica is protonated (represented as I+) and association with
surfactant templates occurs through two different mechanisms depending on whether the
surfactant is cationic or anionic.135 A counter-ion (X-) is thought to be needed to mediate
the self-assembly between positive silica (I+) and cationic surfactants (S+) to form S+X-I+,
whereas for an anionic surfactant (S-), direct interaction with silica occurs to form the coassembled S-I+. Silica thin films with a final ordered structure varying from 2D hexagonal
(p6m) to 3D hexagonal (P63/mmc) and cubic (Pm3n) mesostructures have been
synthesized through EISA.136-138 The final porous structure is obtained after the template
extraction or removal by calcination.
The numerous complex processes that occur in a very short time period during
film synthesis by dip-coating has been followed in-situ by a variety of techniques
including 1D XRD, small angle X-ray scattering (SAXS), grazing incidence small angle
X-ray scattering (GISAXS), NMR, interferometry and spectroscopy probing to gain
insight into the mechanism of formation of final film structure.134,137,139-142 Brinker and
coworkers have used spatially resolved 2D GISAXS experiments in combination with
optical interferometry, to demonstrate that the formation of the final 2D hexagonally
ordered silica thin films is nucleated initially by the formation of a lamellar phase
oriented parallel to the substrate.139 Babonneau and coworkers have performed in-situ
characterization using SAXS combined with interferometry measurements to confirm the
formation of an intermediate 3D hexagonal phase at the film/air interface during the final
formation of a cubic mesostructure,137 while in another study the formation of silica with
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cubic pore order was demonstrated to proceed through the formation of lamellar and
hexagonal intermediates.140 Babonneau’s group has also extensively investigated through
various in-situ techniques the effects of variables such as solution aging time, ethanol
vapor concentration,141 pH141 and CTAB/Si molar ratio134 on the final film structure. Insitu

17

O NMR spectroscopy has been performed to analyze the hydrolysis behavior of

TiCl4 precursor in solution and the polymerization kinetics of titania during the formation
of mesoporous titania film through dip-coating.142
Cagnol and coworkers investigated dip-coating of thin films using in-situ SAXS
combined with interferometry and suggested that synthesis proceeds via four major
steps.134 The steps are 1) initial preparation of the solution, 2) evaporation of the volatile
components during dip-coating which occurs in the first few seconds of dip-coating, 3)
the MSS period which follows directly after evaporation and corresponds to the time
when the volatile molecules equilibrate between the environment and film media and
silica condensation is incomplete and 4) the formation of the final hybrid mesostructured
film when the silica condensation is complete. The third stage (MSS) was identified as a
very important step because even though the initial mesostructure is formed by that time,
the silica structure is still flexible enough to be modified by external forces. Change of
relative humidity or ethanol vapor pressure during the MSS period was shown to alter the
final mesostructure.134 The kinetics and timescales of silica condensation in thin films has
also been

investigated

spectroscopy.

143

for various surfactant

templates using

in-situ FTIR

Silica condensation times increase with size of the template molecule

from CTAB to Brij 56 to P123, in which case the silica network was incompletely cured
for > 1 h. Post-coating manipulation of the structure during this finite period of
continuous silica condensation was demonstrated by change in orientation of the porous
channels from parallel to a direction orthogonal to the substrate by placing the asdeposited film in contact with a chemically neutral substrate.143 In-situ fluorescence
spectroscopy probing has also been used to follow the chemical and structural changes
during surfactant templated silica film synthesis and results from those studies also
demonstrates the presence of a MSS period. as described in Section 2.6.
Ex-situ characterization to determine the final order and pore structure of
surfactant templated thin films is mostly performed using 1D X-ray diffraction (XRD)
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and transmission electron microscopy (TEM). 1D XRD is performed in the BraggBrentano geometry where the x-rays scattered from the sample are captured by a detector
that moves in a circular path and perpendicular to the sample surface. Peaks in the
scattering spectra are observed when diffraction occurs from patterns / pores / atoms
spaced at regular distance d and Bragg’s law (Eq. 2.3) is satisfied:
nλ = 2dsinθ

(2.3)

where λ is the wavelength of the x-rays, n is an integer and 2θ is the angle between the
direct beam and the diffracted beam.144 For ordered porous materials, d is one of the
characteristic d-spacing values associated with a particular phase. Hillhouse has
demonstrated that for 2D hexagonally ordered thin film with preferential orientation of
the (100) plane of porous channels parallel to the substrate, the reflection from the (110)
plane will be absent and only (100) peaks and its higher order reflections will be present
in the pattern.145 TEM uses electrons transmitted through the mesoporous samples to
create images of the materials and has been used in conjunction with XRD to confirm the
pore structure and orientation of the porous channels on substrates.143

2.4 Tailoring of Surfactant Templated Materials
Synthesizing ordered mesoporous thin films with precise orientation and
geometry of pores significantly increases the potential applications of mesoporous silica,
as discussed in the last section. Another method to expand the applications of surfactant
templated mesoporous materials is to tailor the pore structure of the materials directly
during synthesis without altering the template structure. Applications of tailored
mesoporous materials have been demonstrated in drug delivery, chromatographic and
electrode applications.146-148
Tailoring pore structure in surfactant templated mesoporous materials proceeds by
altering the surfactant liquid crystal structure and changing the effective surfactant
packing parameter. Numerous methods including the addition of electrolyte and alcohols
to alter headgroup repulsion,149 or addition of organic swelling agents in hydrophobic
micelle core to increase the value of v37-39 have been demonstrated as means of changing
the packing parameter and hence pore structure.
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The addition of long chain amines to as-synthesized MCM-41 silica materials
was demonstrated to increase the pore size from 3.5 nm to at most 13.5 nm.150 Pore
expansion occured through micelle expansion but was accompanied by a loss of pore
order. Recently, P123 templated mesoporous titania thin films with tailored pore
diameters between 8.3 nm to 14 nm have been synthesized through the addition of
butanol, which acted as a co-surfactant during micelle formation.149 The most common
method for pore expansion has been the introduction of an organic agent that swells the
micelles directly during material synthesis. Different organic compounds including
aromatic molecules like benzene, substituted benzenes (e.g. triisopropylbenzene, etc.) and
mesitylene or alkanes such as octane, nonane, decane, tridecane have been successfully
used in separate studies to swell the micelle size.of surfactant and copolymer templates.3739,151

Significant pore expansion in surfactant templated materials with pore sizes up to

9.1 nm for MCM-41 and up to 43 nm for SBA-15 materials was observed. The pore size
of mesoporous silica templated with a nonionic fluorinated surfactant, CF3(CF2)7C2H4(OC2H4)9OH has also been expanded through the incorporation of a fluorinated solvent,
perfluorodecalin, in the micelle.152
The interaction of organic agents with surfactant aggregates has been investigated
in separate studies by Ulagappan et. al.153 and by Kunieda and coworkers.40 These results
suggest a systematic guide towards selecting swelling agents for achieving specific pore
expansion. Ulagappan et. al. studied interactions of alkanes in surfactant micelles and
suggested a difference in alkane incorporation behavior with molecule size, as illustrated
by the schematic in Figure 2.3.
Small alkanes (smaller than octane) were observed to result in negligible increase
in micelle size suggesting alkane penetration in the surfactant tails (Fig. 2.3a), whereas
alkanes larger than decane demonstrated a significant increase in micelle size indicating
the formation of a separate core in the micelle (Fig. 2.3b). Kunieda et. al. also
demonstrated that long saturated molecules like decane expand the size of liquid crystals
suggesting the formation of a separate core in micelle aggregates. Kunieda’s group
further demonstrated that for aromatics, such as m-xylene, and alcohols, such as
dodecanol, complete solubilization in the surfactant tail occurred and no swelling in
micelle size was observed.
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Figure 2.3 . Alkane penetration in surfactant tail based on
mechanism proposed by Ulagappan et. al.153 with a) short alkanes
solublizing in tail and b) alkanes larger than decane forming
separate core
The difference between organic solvents solubilizing in the tail or forming a
separate core in the micelle can be interpreted from the change in free energy of mixing
of the solvents and surfactant tails.154 The penetration of short alkanes in the tails of
surfactant molecule is because of a favorable free energy difference between the smaller
alkanes and surfactant tail. For molecules larger than decane however, the beneficial free
energy of mixing of alkanes with the surfactant tails is very low and result in the alkanes
being present in a separate core surrounded by surfactant molecules.

2.5 Compressed CO2 in Surfactant Aggregates
The advantageous properties of sc CO2 (Tc = 31.1°C, Pc = 78.8 bar) as a
processing solvent, including excellent mass transfer properties (high diffusivity, low
viscosity), a pressure tunable solvent strength and the absence of a vapor-liquid interface
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during depressurization suggests its application as an attractive solvent for tailoring
surfactant templates in mesoporous silica. Sc CO2 is also nontoxic, nonflammable and
chemically inert and is considered to be an environmentally friendly process solvent.
However, CO2 is non-polar with a low dielectric constant and has weak van der Waals
forces (i.e. low polarizability). These properties of CO2 result in its low solvent strength
and limits the applications of sc CO2 as a processing solvent.
To take advantage of the tunable solvent properties of sc CO2, formation of waterin-CO2 (W/C) dispersions such as microemulsions and emulsions have been investigated.
Such dispersions have found numerous applications in a variety of areas including
organic and enzymatic reactions,51 nanoparticle syntheses,47 emulsion templating155 and
formation of porous polymers.156 The formation of W/C microemulsion and emulsion
systems requires surfactants to satisfy several requirements. The surfactant aggregates
need to have preferential curvature about water and the surfactant tails need to be
significantly solvated by CO2 so as to overcome attractive tail-tail interactions to prevent
aggregation.64 However, designing surfactant tails to have significant CO2 penetration has
been extremely challenging because the low cohesive energy density of CO2 results in
weak tail solvation.65
Initial efforts to design CO2 based dispersions with several commercially
available hydrocarbon surfactants met with limited success because of the weak
interactions of CO2 with hydrocarbon groups.65 The first successful surfactant design
with favorable interactions and high CO2 solubility was reported in 1992 by DeSimone
and coworkers when they demonstrated the solubility of poly(perfluoroalkyl acrylate)
(Poly(FOA)) with over 2500 repeat units in compressed CO2 at pressures below 150
bar.43 Subsequently, experimental techniques such as high pressure small angle neutron
scattering (SANS), NMR, and spectroscopic characterization using UV-Vis and
fluorescence were used to investigate the formation of W/C emulsions and
microemulsions.157-161 Researchers successfully designed

numerous ‘CO2-philic’

molecules capable of stabilizing dispersions in CO2 including fluorinated surfactants
(perfluoropolyether based surfactants and hybrid fluorocarbon-hydrocarbon) and
fluorinated copolymers (PFOA). However, only a few of the surfactants screened in those
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experiments were successful and initially it was difficult to design ‘CO2-philic’
surfactants.69
The first predictive method to design surfactants towards forming W/C
dispersions was demonstrated by Johnston’s group by correlating interfacial tension of
surfactants at CO2-water interfaces with the hydrophilic-CO2 philic balance (HCB) of the
surfactant.162 The HCB is based on the balance between the interactions of surfactants
with each phase (CO2 and water) and self-interaction between the different phases and is
defined as162,163
1/HCB =

ATC − ATT − ACC
AHW − AHH − AWW

(2.4)

where Aij is the interaction energy (treated here as a positive quantity for favorable
interactions) for the various interactions between CO2 (C), surfactant tail (T), water (W),
and the surfactant headgroup (H).163 Figure 2.4 (adapted from reference 67) demonstrates
the effect of CO2 pressure and temperature on the HCB and interfacial tension values.69
At HCB = 1 the surfactant is at its most balanced state with the lowest interfacial tension
At this point of balance, dispersions can be varied from W/C to C/W by tuning different
process variables, such as CO2 pressure and temperature and system pH and salinity.67,69
Increase of either salinity, CO2 pressure or temperature or a decrease in pH leads to an
increase in the favorable interactions between CO2 and the surfactant and hence greater
CO2 penetration in surfactant (Fig. 2.4).67 da Rocha and coworkers used the plot of
interfacial tension values as a function of HCB as a guide for the design of a PDMS
copolymer for formation of a C/W microemulsion.69 The number of hydrophilic groups
(EO) and hydrophobic groups (PO) in a PDMS-EO-PO copolymer was gradually
changed to form a copolymer with the lowest IFT possible.
Another theoretical guide in designing surfactants for the stabilization of
dispersions in CO2, the Fractional Free Volume (FFV) of a surfactant, was suggested by
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Figure 2.4 . Schematic of interfacial tension (IFT) of surfactants at
C/W interfaces as a function of HCB and other formulation
variables. (adapted from Psathas et. al.67)

the same group.164 FFV is defined as
FFV = 1 -

Vt
tAh

(2.5)

where Vt is the van der Waals volume of surfactant tail,164 t is the length of the tail in an
optimum gas phase configuration and Ah is the interfacial area per headgroup. A low FFV
is required for the formation of W/C emulsions and microemulsions; increasing the
stubbiness of the surfactant tail, which lowers the FFV, reduces the tail-tail overlap. The
corresponding IFT decreases due to a reduction in the interpenetration between CO2 and
water.
Recently, the use of theoretical paradigms like FFV and molecular simulations70
and experimental investigations of CO2 interactions with surfactant aggregates have
resulted in the design of different ‘CO2-philic’ surfactants in addition to fluorinated
molecules.

Johnston’s research group has designed stubby methylated branched

surfactants165-167 and bulky trisiloxane surfactants168 for stabilizing W/C emulsions and
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microemulsions. Anand et. al. have also used branched methylated surfactants to disperse
silver nanoparticles in CO2.169 Small oxygenated hydrocarbon surfactants have also been
established as ‘CO2-philes’.73 Different molecular characteristics including a low
cohesive energy density, specific interactions with CO2 and high free volume were
suggested in a recent review to be important for ‘CO2-philes’ thus suggesting more
predictive ways to design ‘CO2-philic’ surfactants.74 The increasing number of ‘CO2philic’ surfactants suggest that applications of CO2 for tailoring pore structure of
surfactant templated materials through CO2 processing of ‘CO2-philic’ fluorinated
surfactants has potential for tuning pore geometry.
Fluorinated molecules are among the most ‘CO2-philic’ groups, as they posses all
three ‘CO2-philic’ characteristics discussed above.74 The large van der Waals radius of
fluorine results in a stubby, high free volume molecule, while electronegative fluorine has
specific interactions with the electron deficient carbon of CO2.74 Fluorine also creates
molecules with weak intramolecular interactions, thus resulting in fluorinated molecules
having favorable interactions with CO2 as demonstrated in numerous studies.

2.6 Fluorescence Spectroscopy Probing of Surfactant Templates and CO2
Dispersions
Fluorescence spectroscopy has proven to be an important tool for probing
molecular assemblies such as micelles, vesicles, polymers and in biological applications
such as DNA sequencing, cellular imaging and monitoring protein conformation.170-176
The technique has been used to determine various system properties such as
micropolarity, microviscosity, and also to probe inter and intra-molecular interactions.
Briefly, fluorescence is the energy emission that occurs when an electron in an excited
orbital (S1) returns to the ground-state orbital (S0) (Fig. 2.5).177 Fluorescence
sepectroscopy follows the fluorescence emission of certain molecules in the system
called fluorphores (generally polyaromatic hydrocarbons or heterocycles) to probe
specific interactions of a system (e.g. solvatochromic probes estimate environment
polarity, probes with nonzero anisotropies measure medium viscosity). Fluorescence
emission can be accompanied by a number of other phenomena during the return of an
excited electron to the ground state including phosphorescence, quenching, energy
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transfer, internal conversion, intersystem crossing and solvent interactions.177 Figures 2.5
and 2.6, representing two different schematics of the Jablonski diagram (adapted from
ref. 177), illustrate all of these different phenomena. Researchers have used each of these
different emission phenomena to investigate different molecular aspects of a system and
have established the versatility of fluorescence spectroscopy. Another advantage of
fluorescence is its high sensitivity which allows the use of very small concentration of
fluorophores thus ensuring no destruction of other molecular interactions in the system.
‘Solvatochromism’178 is the ability of some fluorescent probes to change its
absorption and emission spectra through change in interactions with the surrounding
solvent and has been used to investigate local polarity, solubility and reaction kinetics in
various systems.179-181 Solvatochromism behavior is either based on a decrease in the
excited state energy due to an increase in solvent polarity or can be due to specific probesolvent interactions.177 The fluorescence of a probe molecule is the foundation of several
‘solvent polarity’ scales. The ET(30) scale is based on the solvatochromic probe,
pyridinium N-phenolate betaine dye,182 while the π* scale depends on nitroaromatic
indicators.183 The Py-scale is the result of variations in the relative intensities of pyrene
emission bands with a change in the solvent polarity.184
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Figure 2.5. One form of Jablonski Diagram demonstrating fluorescence,
phosphorescence and intersystem crossing (adapted from ref. 177)
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The emission spectra of pyrene at low concentrations (below excimer formation)
display five sharp vibronic bands. The intensity of the 0-0 emission band (I1 band)
increases in comparison to the other bands in the presence of a polar solvent and the
relative increase (as measured by the ratio of I1/I3 band ratio) has been correlated to
solvent polarity.184-186 The value of the I1/I3 ratio varies from 0.6 for a non-polar solvent
like hexane to 1.8 for a polar solvent like water.184 The polarity dependence of pyrene
was determined to be primarily due to specific solute-solvent dipole-dipole coupling and
some effects from the π-orbital interactions between solute and solvent. 184-186
Another technique in fluorescence spectroscopy used frequently in micelle
systems to determine aggregation numbers,187,188 probe localization,189 reaction
kinetics,190 diffusivity of reactants191 and medium viscosity192 is quenching, and its
mechanism is demonstrated in Figure 2.6. Quenching is any process that decreases the
emission intensity and can happen through various phenomena including excited-state
reactions, molecular rearrangements, energy transfer, ground state complexation and
collisional quenching.177 Quenching can be either dynamic, resulting from diffusional
encounters between probes and quenchers, or static, resulting from molecular binding
between the fluorophore and the quencher. Both forms of quenching require contact
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between the probe and quencher and illustrate the importance of quenching as a method
to investigate localization and diffusivity of molecules. Fluorescence quenching can
occur via several mechanisms depending on the quencher. Quenching by both oxygen
and heavy atoms such as iodine, bromide probably occurs due to the fluorophore
undergoing intersystem crossing to a triplet state where it is quenched in the solvent.
Aromatic molecule such as pyridine quench mainly through an electron-transfer
mechanism, and both static and dynamic quenching for aromatics has been observed.
Fluorescence quenching is also an important technique in biological systems and has
been applied to investigation of protein conformation and binding
binding to DNA.

195

193,194

and probe

A detailed list of quencher-fluorophore pairs is provided

elsewhere.177
Fluorescence non-radiative energy transfer (NRET) requires the presence of two
probes in the system and is the transfer of energy from an excited donor to an acceptor
through long range interactions between the donor and acceptor and without the
appearance of a photon.177 Figure 2.7 shows a schematic of the energy transfer process
and demonstrates the two most important properties that need to be satisfied by the
probes for significant NRET occurrence. First, the emission spectra of the donor must
overlap the absorption spectra of the acceptor, as demonstrated by the darkened region in
Acceptor
Absorption
Donor
Absorption

Acceptor
Emission

Donor
Emission

wavelength
Figure 2.7. Schematic of the mechanism of non-radiative
energy transfer (NRET) between an acceptor and donor
(adapted from ref. 177)
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Figure 2.7. Secondly, the two probes must be localized in the same environment and be in
close proximity. For efficient energy transfer, the distance between the two probes should
be less than their characteristic Forster distance,196 which is defined as the distance at
which energy transfer is 50% efficient. The rate of energy transfer from a donor to an
acceptor is given by
kT = (1/τ ) * (R0/r)6

(2.6)

where kT rate of transfer, τ is decay time of the donor, R0 is the characteristic Forster
distance and r is the distance between the probes. The strong dependence of energy
transfer on distance has resulted in wide application of NRET to measure distance and
hence localization and conformation of the two probes. NRET has been extensively used
in biological systems in investigating folding,197 orientation,198 catalytic reaction rate and
intramolecular interactions in proteins199 and in following association reactions in DNA
oligomers.200 Energy transfer has also been extensively utilized in membrane systems e.g.
in polypeptide membranes201 and in membrane bound proteins202 to measure the distance
of closest approach between membrane bound proteins and acceptor bound lipds. NRET
has also been used in polymer systems to investigate morphology.203,204
The efficiency (E) of energy transfer is generally defined as the fraction of
photons absorbed by the donor that are transmitted to the acceptor and can be described
by177
E=

kT
τ + kT

(2.6)

−1

For energy transfer between acceptor-donor pairs separated at a fixed distance, the above
equation can be rewritten as177
E=1-

FA
F

(2.7)

where, FA is the donor fluorescence intensity in presence and F is intensity in the absence
of the acceptor.
The efficiency of energy transfer in membranes for unlinked donors and acceptors is
expressed as177
E=1-

1

τ

∫

F (t )
dt
F (0)
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(2.8)

where, F(t) is the donor fluorescence intensity decay and F(0) is intensity in the absence
of the acceptor. This form of describing energy transfer has been used to calculate the
energy transfer efficiency as a function of surface density of energy acceptor in
phospholipids membranes.205
For the specific acceptor-donor pair of pyrene and naphthalene, the efficieny of energy
transfer has been previously calculated using the following formula:
E = IP / IN

(2.9)

where IP is pyrene emission at 377 nm and IN is naphthalene emission at 338 nm. Energy
transfer efficiency using eqn. 2.9 has been calculated for several polymer systems labeled
with pyrene and naphthalene.203,204
In-situ fluorescence spectroscopy has been applied to probe different aspects of
the formation of dip-coated sol-gel thin films. The relative change in solvent composition
during dip-coating of a solution of ethanol, water, SDS and hydrolyzed silica was
monitored as a function of time during the synthesis of SDS templated lamellar silica thin
films using pyranine and pyrene as probes for in-situ fluorescence spectroscopy.206
Preferential evaporation of alcohol compared to water was observed during initial dipcoating. Using the ‘solvatochromic’ nature of pyrene, the study also demonstrated that
the film structure proceeds through initial micelle formation, then breakup at intermediate
times and finally formation of the lamellar structure. Zana and coworkers used pyrene
and dipyrenylpropane spectrofluorometry and fluorescence quenching measurements to
investigate the change in micelle structure due to exchange of the counterions with excess
silicate ions present in the system during synthesis of mesoporous silica.207 The study
provided insight into the interactions between cationic surfactants (S+), counterions (X-)
and the silica source (I+ or I-) during porous silica synthesis. Pyrene fluorescence
quenching was used to understand the mechanism of formation of mesoporous molecular
sieves by surfactant templating at extremely low surfactant and silica concentrations,208
while in another study time-resolved pyrene fluorescence quenching probed the synthesis
of mesoporous alumina with SDS as template in an urea/water/SDS/alumina precursor
system.209 Fluorescence spectroscopy was also applied to measure the mobility of various
probes (rhodamine 6G, sulforhodamine B, Oregon Green 514) embedded in sol-gel silica
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films when placed in contact with different solvents (water or ethanol) by measuring
anisotropy values.210
Fluorescence spectroscopy has been frequently used to investigate molecular
interactions in supercritical fluids. Solvatochromic probes, including both the Kamlet-Taft
π* scale probes211 and pyrene,212,213 were used in fluorescence studies to demonstrate the
presence of a solute-solvent clustering phenomena in sc CO2. Solute-solvent clustering has
been observed in many supercritical fluids and is defined as an augmentation in local
solvent density about a solute molecule compared to the bulk density.214 The densitydependence of solute-solvent interactions in sc CO2 was also monitored using the Pypolarity scale. Increasing CO2 density resulted in increasing Py values (I1 / I3 ratio of
pyrene emission bands), suggesting greater CO2 solvation of pyrene. However, the increase
was quite nonlinear, with rapid increase in Py value observed at reduced density values less
than 0.5 indicating greater solute solvation by CO2 in that density range, followed by much
smaller increase in Py value at higher CO2 densities.212,213
Fluorescence spectroscopy was also used to investigate compressed CO2
penetration in AOT/water/isooctane reverse micelles.215 Application of the solvatochromic
probe, 6-propionyl-2-(dimethylamino)-naphthalene suggested continuous change in
polarity of the micelles with CO2 penetration, while the viscosity of the micelle core, as
calculated from the polarized emission of 8-anilino-1-naphthalenesulfonic acid was
observed to decrease with CO2 uptake. In another study, pyrene fluorescence was used to
interpret the local environment in the microregions of CO2 swelled fluorocarbon micelles.
Py values demonstrated that with increasing CO2 penetration and micelle swelling, pyrene
was located in an increasingly non-polar environment almost similar to pure CO2 (Py =
0.9).155 Compressed CO2 penetration in thin films to alter the dynamics of solute movement
has been investigated by following the diffusivity of pyrene in polystyrene films as a
function of CO2 penetration using steady state fluorescence quenching.216
High pressure fluorescence nonradiative energy transfer (NRET) with pyrene
labeled polystyrene has been used to investigate the localization of various probes in
polymer films during real time CO2 processing.217 NRET studies have also been
extensively applied in both surfactant and block copolymer micellar systems to investigate
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the partitioning of probes in different environments, to characterize the microenvironment
of the micelles and also to study the structure of the micelles.218-220

Copyright © Kaustav Ghosh 2007
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CHAPTER THREE

SUPERCRITICAL CARBON DIOXIDE PROCESSING OF FLUORINATED
SURFACTANT TEMPLATED MESOPOROUS SILICA THIN FILMS

This chaper is based on work published as:
Ghosh, K.; Lehmler, J.H.; Rankin, S.E.; Knutson, B.L.; Langmuir, 2005, 21, 6145.

3.1 Summary
The effect of processing mesoporous silica thin films with supercritical CO2
immediately after casting is investigated, with a goal of using the penetration of CO2
molecules in the tails of fluorinated surfactant templates to tailor the final pore size.
Well-ordered films with 2D hexagonal close-packed pore structure are synthesized using
a

cationic

fluorinated

surfactant,

1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl)pyridinium chloride, as a templating agent. Hexagonal mesopore
structures are obtained for both unprocessed films and after processing the cast films in
CO2 at constant pressure (69 – 172 bar) and temperature (25oC to 45oC) for 72 hours,
followed by traditional heat treatment steps. XRD and TEM analysis reveal significant
increases in pore size for all CO2 treated thin films (final pore diameter up to 4.22 ± 0.14
nm) relative to the unprocessed sample (final pore diameter of 2.21 ± 0.20 nm) before
surfactant extraction. Similar pore sizes are obtained with liquid and supercritical fluid
treatments over the range of conditions tested. These results demonstrate that combining
the tunable solvent strength of compressed and supercritical CO2 with the ‘CO2-philic’
nature of fluorinated tails allows one to use CO2 processing to control the pore size in
ordered mesoporous silica films.

3.2 Introduction
Surfactant templating to create ordered mesoporous ceramics with pore sizes in
the range of 2 – 50 nm was demonstrated in the early 1990’s24 and extended the
application of molecular sieves to larger chemical molecules. Mesoporous thin films are
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of particular interest due to their potential applications in membrane separations, selective
catalysis, sensing, adsorption, biological and optical functions.126,132,133,221 These
applications of mesoporous materials require pores of tailored structures, sizes and
functionality.
Surfactant templated mesoporous materials are formed through a liquid phase coassembly of the surfactant and an inorganic precursor. The hydrolyzed precursor
associates itself with the hydrophilic head group in the aqueous phase and polymerizes to
form a solid network while the hydrophobic tail groups of the surfactant pack close
together to form an ordered mesophase.

The structure of the surfactant template

determines the size and shape of the pores that are left behind after extraction or
calcination.89 The most common technique for tailoring pore structures and sizes is
expansion by introduction of an inert swelling agent, either during the preparation of the
micellar solution or after addition of the precursor.37-39 Hydrocarbon swelling agents (for
example, dodecane and mesitylene) solubilize within the hydrocarbon tail of the
surfactants or co-polymers40 to achieve significant pore swelling. The addition of dopant
molecules (such as carbazole and fluorine) and cosolvents (such as tetrahydrofuran and
benzene) has also been reported to influence the final structure of thin films.222 However,
the use of these agents for tailoring pore structure sometime leads to either complete
transition to a new mesophase or loss of long-range order.37,39,222
The tunable solvent strength of compressed and sc (supercritical) CO2 suggests its
use as a structure altering agent for the controlled expansion of pores formed by
surfactant templating. Compressed or supercritical CO2 (Tc = 31.1°C, Pc = 73.8 bar)
offers the additional benefits relative to traditional organic solvents of being
nonflammable, nontoxic, environmentally acceptable and inexpensive. Watkins and
coworkers have recently reported the synthesis of well ordered mesoporous silica films
by the CO2 processing of preformed block copolymer (comprising Pluronic surfactants)
or Brij surfactant templates containing an acid catalyst.55 The silica precursor was
introduced into the preformed template using humidified CO2 and condensed in the
hydrophilic domains. Compressed CO2 (introduced at 123 bar and 60ºC for 2 hours)
acted to swell the template and rapidly remove alcohol, a product of the condensation,
leading to improved condensation within the films. In addition, Hanrahan and co-workers
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controlled the pore expansion of mesoporous silica through scCO2 processing of triblock
copolymer templating agents (Pluronic surfactants, P123 and P85) in an acid catalyzed
medium.223 Significant swelling of the hydrocarbon copolymer template was achieved,
resulting in an increase in pore diameter from 6.5 nm (unprocessed) up to 10 nm.
However, pressures as high as 482 bar were used to achieve this level of pore expansion
in the resulting mesoporous silica.
Many fluorinated moieties have been identified as “CO2-philic” based on their
high solubility in CO2.74,224 Ionic fluorinated surfactants have been successfully used for
the formation of reverse microemulsions in CO2, with significant penetration of the small
CO2 molecules into the surfactant tail region.64,70,225,226 Mesophases formed by
fluorinated surfactants generally self-assemble more easily and form a broader range of
nanoscale structures than their hydrocarbon analogs.114,227 These mesophases are more
stable, better organized and rigid.228 Our group has demonstrated the base-catalyzed
precipitation of silica particles with both 2D hexagonal cylindrical pores31 and novel
mesh phase pores,123 by templating with 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10heptadecafluorodecyl)pyridinium chloride (HFDePC). On the basis of their CO2-philic
nature, ionic fluorinated surfactants such as HFDePC may be ideal candidates for CO2controlled pore swelling during the synthesis of mesoporous materials.
We report for the first time the acid-catalyzed synthesis of mesoporous thin films
using a cationic fluorinated surfactant, HFDePC, and the effect of sc CO2 processing on
the structure of the thin films templated by this surfactant. The thin films were
synthesized in an acid catalyzed medium to minimize the siloxane condensation rate92
and processed in CO2 immediately after coating the sol on a glass substrate. The effect of
CO2 processing on the thin films was investigated at gaseous (45oC and 69 bar), liquid
(25oC and 172 bar), and supercritical CO2 (45oC and 103 to 172 bar) conditions and
compared to non-CO2 processed films with identical thermal histories.

3.3 Materials and Methods
The synthesis and characterization of 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10heptadecafluorodecyl)pyridinium chloride (HFDePC) has been reported elsewhere.229 In
short, pyridine was alkylated with 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-
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iododecane

to

yield

1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl)pyridinium iodide. The pyridinium iodide was converted into the
corresponding chloride by ion exchange chromatography and used without further
purification. Its purity was confirmed by mass spectrometry and melting point
measurements. The silica precursor, tetraethoxysilane (TEOS) was purchased from Fluka
and was over 99% pure. Hydrochloric acid (0.1 N standardized solution) was obtained
from Alfa Aesar. Absolute ethyl alcohol was purchased from Aaper Alcohol and
Chemical Co. (Shelbyville, KY). High purity carbon dioxide (99.99%) was obtained from
Scott Gross Co. (Lexington, KY).
Thin mesoporous silica films were prepared on glass slides by dip coating based
on the procedure of Lu et al.26 Before coating, the glass slides were first treated in an
ultrasonic cleaner and then sequentially cleaned with deionized water, isopropanol and
acetone. In a typical preparation procedure a mixture of TEOS, ethanol, water and HCl
(mole ratio 1 : 3.8 : 1 : 5*10-5) was refluxed at 65oC for 90 minutes and a clear solution
with partially hydrolyzed silica was formed. Then, water and HCl were added and the
mixture was aged at 25oC for 15 min and then at 50oC for and additional 15 min. Finally,
HFDePC in the desired amount was directly dissolved in ethanol and this solution was
added to the above aged silica sol with constant stirring. The final mole ratio obtained
was 1 TEOS : 18 C2H5OH : 5 H2O : 0.004 HCl : 0.17 HFDePC. Slides were coated with
the above prepared sol at 7.6 cm/sec.
Immediately after coating the thin films were divided into two treatment groups.
One treatment group of thin films was pressurized by CO2 in a 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controlled temperature and pressure for
72 hours. The effects of CO2 pressure ranging from 69 to 172 bar and temperature of
25oC and 45oC on the final pore structure were observed. The second treatment group of
thin films was not processed in CO2 and dried in an oven at temperature of 25oC or 45oC
for 72 hours. Thus, both processed and unprocessed batches of thin films were subjected
to the same thermal treatment. After 72 hours, both treatment groups were dried at room
temperature for 24 hours, then at 60oC for 24 hours and finally at about 120oC for a
further 24 hours. The surfactant was then extracted from the as-synthesized films using a
mixture of 45 ml of EtOH and 5 ml of concentrated HCl (36 wt%).
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X-ray diffraction patterns were recorded on a Siemens 5000 diffractometer using
with Cu K radiation (λ = 1.54098 Å) and a graphite monochromator. The transmission
electron images were taken with a JEOL 2000FX instrument operating at 200 kV.
Samples were prepared for TEM by scraping the films off the glass substrate and directly
depositing them onto a lacey carbon grid. The pore diameters and d-spacings were
calculated directly from regions of parallel channels in magnified TEM micrographs
(300%) using ImageJ software.230 Pore diameters were measured from the distance
between the inside of two adjacent silica walls on the axis perpendicular to the parallel
channels. Similarly, the d-spacing was calculated from the distance between the center of
one silica wall and the center of the adjacent wall. The reported measurements were
repeated in ten different areas of the micrographs and calibrated with TEM images of
gold particles of known diameter (20 nm). Pore diameter and d-spacing measurements
for all materials were replicated three times by characterizing samples synthesized in
different batches.

3.4 Results and Discussion
The synthesis of ordered mesoporous silica thin films using a cationic fluorinated
surfactant template under acidic conditions is first demonstrated in the absence of CO2.
XRD spectra for as-synthesized and extracted thin films prepared using HFDePC as
templating agent and aged at 45oC are shown in Figure 3.1. The trace of the assynthesized sample (Fig 3.1a) shows one sharp reflection and has low intensity because
of the presence of fluorinated surfactant in the sample.123 Following extraction of the
sample, the contrast of the XRD spectra increases and two sharp reflections are evident
(Fig 3.1b), suggesting long range order in the mesoporous material. These two peaks can
be indexed as (100) and (200) peaks of either a hexagonal or lamellar structure. However
retention of the order of pore structure even after surfactant extraction suggests hexagonal
pore structure; a lamellar structure would have collapsed after surfactant removal. The
apparent absence of the (110) peak is consistent with the preferential alignment of the
porous channels of the thin film with the (100) plane parallel to the substrate.145
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Figure 3.1 XRD patterns of thin films prepared without CO2
processing (a) as-synthesized and (b) after surfactant extraction
Although the order of the hexagonal structure is retained for the unprocessed thin
films, surfactant extraction is accompanied by a slight contraction in the silica channels,
as evident from a decrease in d-spacing from 3.15 nm for the as-synthesized film to about
2.87 nm for the extracted film. Aging the unprocessed thin films at different temperatures
(25oC and 45oC) results in the same hexagonal structure for films at both conditions with
similar d-spacing (approximately 3.15 nm). Table 3.1 presents a summary of the dspacing, lattice parameter and pore diameter for the unprocessed and CO2 processed thin
films.
The long range order of the pore structure for thin films not processed in CO2 and
aged at 45oC is confirmed by TEM micrographs of as-synthesized and extracted films
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(Fig 3.2). Regular arrays of uniform channels parallel to the channel axis, characteristic
of a hexagonal structure, are evident in both the as-synthesized thin film (Fig. 3.2a) and
extracted film (Fig. 3.2b) However, contrast is low in the as-synthesized film due to the

a

25 nm

b
25 nm

c
25 nm

Figure 3.2 TEM micrographs of (a) as-synthesized thin films not processed
in CO2 (b) extracted thin films not processed in CO2 and (c) thin films
processed in CO2 at 172 bar and 45oC before surfactant extraction
presence of fluorinated surfactant. The pore diameter of the extracted thin film
(2.02 ± 0.17 nm), determined from its TEM image, varies significantly from that of
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hexagonally ordered mesoporous particles synthesized by precipitation using HFDePC as
templating agent in a basic medium (2.78 nm).23 The difference can be attributed to the
silica being neutral or slightly positively charged in the present films, which is expected
to lower the aggregation number in the cationic micelles formed from HFDePC relative
to the negatively charged silica present in the previous case.
The XRD traces of as-synthesized thin films processed in gas, liquid, and
supercritical CO2 are presented in Fig. 3.3. An increase in d-spacing is observed at all
conditions of CO2 processing relative to films with an identical thermal history prepared
without exposure to CO2 (Table 3.1). Thin films processed in scCO2 (103 bar and 172
bar, 45oC) and liquid CO2 (172 bar, 25oC) had a similar increase in d-spacing, with the
final value being about a 41% increase compared to the unprocessed film. Films with
long range order are obtained at all conditions of CO2 processing. For example, the XRD
pattern of the film processed at 172 bar and 45oC has three sharp reflections, indexed as
(100), (110) and (200) reflections (Fig. 3.3a) of a hexagonal structure. The presence of
(110) peak in XRD spectra for the CO2 processed film is surprising and could be an effect
due to the swelling of the thin film by pressurized CO2, as observed previously for CO2
processing of poly(dimethylsiloxane) thin films on silicon.231 Swelling of the thin film
above a certain critical thickness can lead to a decrease in the ordering ability of the
substrate to confine the porous channels parallel to the substrate and result in threedimensional unconstrained growth.232 The thin film would then have multiple
orientations and the XRD spectra would show the (110) reflection, as in the case of
hexagonally ordered powder.
TEM images confirm the hexagonal ordering and the expansion of the pores of
CO2-processed thin films (Figure 3.2c). The pore diameter of the thin film increases from
2.21 nm (± 0.20 nm) for the unprocessed material to 4.22 nm (± 0.14 nm) for thin film
processed in CO2 at 172 bar and 45oC, as calculated directly from the TEM images. This
represents a pore size expansion of 91% in the processing of these thin films, which is
much larger than obtained for a previous study on pore tailoring of mesoporous silica
powder using CO2. In this previous study using a hydrocarbon template, pressures as
high as 482 bar were required to achieve a 54% increase in pore size (from 6.5 nm to
10nm) in the formation of mesoporous silica powder.223 The pore diameter of thin films
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Figure 3.3. XRD spectra of thin films before surfactant extraction (a) processed in
CO2 at 172 bar and 45oC, (b) processed in CO2 at 172 bar and 25oC, (c) processed in
CO2 at 137 bar and 45oC, (d) processed in CO2 at 103 bar and 45oC, (e) processed in
CO2 at 69 bar and 45oC and (f) not processed in CO2

processed in CO2 at other experimental conditions calculated from TEM images (not
shown) also increases compared to the unprocessed sample (Table 3.1).
Broad broken peaks in the XRD spectra and TEM micrographs of CO2-processed
thin films after extraction indicate partial collapse of the hexagonal structure (images not
shown). An alternate pre-extraction procedure following CO2 treatment, heating the films
to 150 oC for 24 hours in vacuum followed by normal solvent extraction using EtOH/HCl
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Table 3.1: Summary of d-spacing corresponding to (100) peak, lattice parameter and
pore diameters of unprocessed thin films and CO2 processed films before surfactant
extraction as a function of processing conditions

Conditions of CO2
processing
Unprocessed (45oC)
Unprocessed (25oC)
Unprocessed (45oC);
extracted
Gaseous CO2;
69 bar and 45oC
Supercritical CO2;
103 bar and 45oC
Supercritical CO2;
137 bar and 45oC
Supercritical CO2;
172 bar and 45oC
Liquid CO2;
172 bar and 25oC

Pore Diameter (nm) #

3.15
3.17
2.87

Lattice
Parameter
(nm)+
3.64
3.66
3.32

0.178

3.70

4.27

3.32 (± 0.15)

0.544

4.28

4.94

4.03 (± 0.15)

0.715

4.24

4.90

4.06 (± 0.14)

0.779

4.45

5.14

4.22 (± 0.14)

0.894

4.41

5.10

4.20 (± 0.15)

CO2
Density
(g/ml)233
-

d-spacing
(nm)

2.21 (± 0.20)
2.23 (± 0.20)
2.02 (± 0.17)

+

Lattice parameter of hexagonal structure calculated from the d-spacing values obtained
in the XRD experiment by the formula: a = (2/√3)*d100
#

Figure in bracket show the absolute value (in nm) of the maximum deviation of pore
diameter from the average values calculated from ten different TEM images of the same
sample.

mixture, appears to be more successful at maintaining the thin film structure. XRD
spectra of these extracted CO2-processed thin films (images not shown) have one sharp
peak for the (100) reflection with an intensity count about 4 times greater than the films
before extraction. The large increase in contrast of XRD spectra suggests successful
extraction of the surfactant and conservation of order for the thin film. Further
characterization of these CO2-processed thin films and optimization of the pre-extraction
techniques to maintain structure will be the subject of future investigations.
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The solvating power of CO2 for the fluorinated surfactant tail is hypothesized to
control the expansion of pores in the mesoporous silica thin films. The thickness of the
silica walls (before surfactant extraction) as calculated from the difference of the lattice
parameter and pore diameter is observed to decrease from 1.43 nm for unprocessed film
to 0.90 nm in the presence of liquid CO2 (172 bar and 25oC). This decrease suggests that
increase of d-spacing with CO2 pressure is primarily due to swelling of fluorinated tail
and is consistent with the proposed hypothesis. Although an increase in pore size or dspacing due to tail solvation is expected with increasing CO2 density, 64,70 no significant
difference in the pore diameter was observed for the liquid and scCO2 processing
conditions investigated. The lack of a difference may either be because the fluorocarbon
tails are swollen so effectively by CO2 that they are saturated even at the density of sc
CO2, or because the micelle swelling is constrained by the silica matrix.
Finally, we note that while we have shown CO2 processing to alter pore size in
fluorinated surfactant templated films, recent computer simulations by Johnston and
coworkers suggests that CO2 solvates both fluorinated tail and hydrocarbon tail almost
equally well.234 Thus, CO2 may have more general applicability as a structure altering
agent of surfactant templated thin films, with the potential to tailor the pore size of a large
range of mesoporous materials.

3.5 Conclusions
Mesoporous silica thin films with well ordered hexagonal structure were
synthesized using a cationic fluorinated surfactant under acidic conditions. This synthesis
extends the advantages of fluorinated surfactant templating, such as high thermal stability
and a broad range of nanoscale structures, to thin films. CO2 processing of the
mesoporous silica film directly after coating expanded the pores and increased the dspacing of the thin films. The expansion is achieved through solvation of ‘CO2-philic’
fluorinated surfactant tail by CO2. Compressed CO2, with its high diffusivity, provides a
large degree of control over the pore size while maintaining the long range structure,
unlike some previous investigations using traditional organic solvents as pore swelling
agents.235 The pore expansion increased as the CO2 processing conditions were changed
from gaseous (69 bar and 45oC) to supercritical or liquid state. Processing in liquid or sc
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CO2 induced a 90% increase in the pore diameter of the as-synthesized materials (from
2.21 ± 0.20 nm to 4.22 ± 0.14 nm). Applications of thin films with tunable pore sizes are
envisioned in the fields of membrane separation or catalysis. Future work is aimed at
investigating the contribution of the constrained silica matrix on the final pore size
obtained after swelling. An improved description of the unrestricted pore expansion as a
function of CO2 temperature and pressure would enable us to optimize processing
conditions and identify new surfactant systems for further synthesis and pore size control
of mesoporous silica films.

Copyright © Kaustav Ghosh 2007
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CHAPTER FOUR

TAILORING POROUS SILICA FILMS THROUGH SUPERCRITICAL CARBON
DIOXIDE PROCESSING OF FLUORINATED SURFACTANT TEMPLATES

This chaper is based on work published as:
Ghosh, K.; Vyas, S.; Lehmler, J.H.; Rankin, S.E.; Knutson, B.L. J. Phys. Chem. B. 2007,
111, 363.

4.1 Summary
The

tailoring

of

porous

silica

thin

films

synthesized

using

perfluoroalkylpyridinium chloride surfactants as templating agents is achieved as a
function of carbon dioxide processing conditions and surfactant tail length and branching.
Well-ordered films with 2D hexagonal close-packed pore structure are obtained from sol
gel synthesis using the following cationic fluorinated surfactants as templates: 1(3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluoro-octyl)-pyridinium

chloride

(3,3,4,4,5,5,6,6,7,8,8,8-Dodecafluoro-7-trifluoromethyl-octyl)-pyridinium
(HFDoMePC)

and

(HFOPC),

1-

chloride

1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-decyl)-

pyridinium chloride (HFDePC). Processing the sol gel film with CO2 (69 – 172 bar, 25
°C and 45 °C) immediately after coating results in significant increases in pore diameter
relative to the unprocessed thin films (increasing from 20% to 80% depending on
surfactant template and processing conditions). Pore expansion increases with CO2
processing pressure, surfactant tail length, and surfactant branching, The varying degree
of CO2 induced expansion is attributed to the solvation of the ‘CO2-philic’ fluorinated tail
and is interpreted from interfacial behavior of HFOPC, HFDoMePC and HFDePC at the
CO2-water interface.

4.2 Introduction
Surfactant templated mesoporous thin films have generated much interest because
of their broad range of potential application in membrane separation, adsorption,
catalysis, biomimetics, and chemical and optical sensors.126,129,132,133,221,236-239 Recently
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synthesized ultralow-k dielectric trimethylsilylated mesoporous silica thin films and
cross-linked methylsilsesquioxane low k dielectric thin films with high mechanical
strength have also found application in the microelectronics industry as insulator metal
interconnects.240,241 The evaporation induced self-assembly (EISA) process for
synthesizing surfactant templated films permits control of the final mesostructure through
a variety of parameters such as initial sol composition, pH, aging time, and relative
humidity.134,137,138,140,242 Tailoring the pore size and structure of surfactant templated thin
films, while maintaining their narrow pore size distribution and large surface area, will
increase their potential applications, as demonstrated for tailored mesoporous silica
powders in chromatographic and electrode applications.147,148
Porous silica film synthesis by EISA is initiated by coating a substrate with a
dilute solution of the surfactant and silica precursor. Evaporation drives the concentration
of the surfactant above the critical micelle concentration (cmc). Through a co-assembly
process, the hydrolyzed silica precursors associates with the hydrophilic head groups of
the surfactants and the hydrophobicity of the surfactant tail drives the formation of
micelles. Further solvent evaporation results in a co-assembled mesophase. The precursor
then polymerizes to form a solid silica network in the aqueous portions of the surfactant
mesophase and, upon subsequent removal of the surfactant, a templated porous silica
material is obtained. The most common technique for tailoring pore size is the
introduction of an inert swelling agent directly during the formation of the co-assembled
micelle. Hydrocarbon swelling agents (e.g., polypropylene oxide, dodecane and
mesitylene) either solubilize within the tail of traditional hydrocarbon surfactant
templates or form an inner core surrounded by a layer of surfactant molecules.37-39,243
When pore expansion occurs through the formation of an inner core rich in the swelling
agent, progressive solvent addition can lead to variability in the final pore size. The
addition of too much swelling agent can cause complete transition to a new mesophase or
loss of long-range order.37,39,222
The tunable solvent strength of compressed and sc (supercritical) CO2 (Tc =
31.1°C, Pc = 73.8 bar) suggests its use for the controlled expansion of pores formed by
surfactant templating. Compressed and sc CO2 has processing advantages relative to
organic solvents; it possesses a high diffusivity while also being nonflammable, nontoxic,
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environmentally acceptable, and inexpensive. The ability of CO2 to expand mesoporous
silica pores has been demonstrated for hydrocarbon copolymer templates (P123, P85 and
F127) of mesoporous silica powders.75,223 The dilation of hydrocarbon surfactant
templates by CO2 has also been used to infuse reactive precursor into hydrocarbon-based
nanocast templates55 and to introduce a gold nanocrystal dispersion into the cylindrical
pores of mesoporous silica.244 More recently, we have demonstrated the ability to swell
the pores of fluorinated surfactant (HFDePC) templated silica films using CO2
processing.245 A 90% increase in pore diameter was observed for films processed in sc
CO2 at 172 bar and 45°C prior to surfactant extraction. In comparison, pressures as great
as 482 bar were required to achieve a pore expansion of 54% in silica templated with a
hydrocarbon surfactant (Pluronic copolymer, P123).75
The dramatic pore expansion achieved in fluorinated surfactant templated silica
suggests a favorable penetration of CO2 molecules into the fluorinated tails compared to
hydrocarbon surfactants. Indeed, many fluorinated moieties have been identified as
“CO2-philic” based on their high solubility in CO2, and their weak dispersion forces,
which are similar to that of CO2.74,224 CO2 processing of fluorinated surfactant templated
materials has the potential to combine the high degree of solvation of fluorinated tails
with the tunable solvent strength of CO2 to achieve a broad range of pore sizes in
nanoporous ceramics. The high diffusivity of sc CO2 suggests its effective transport into
the surfactant tails compared to traditional organic solvents, a property that has already
been exploited in the functionalization of mesoporous ceramics.246-248
CO2 solvation of surfactant templates leading to pore expansion in mesoporous
silica draws many analogies to the formation and swelling of self-assembled aggregates
(e.g., micelles) in CO2. Reverse microemulsion behavior in CO2 has been the focus of
numerous investigations because the aqueous core provides a polar environment for
organic and enzymatic reactions,51,61 extraction,249 nanoparticle syntheses47,48,250 and
‘green’ applications of carbon dioxide technology.251 The weak solvation of traditional
hydrocarbon surfactant tails by CO2 is not sufficient to promote CO2-continuous
microemulsion formation.

The design of fluorinated and CO2-philic surfactants for

reverse microemulsion formation and the subsequent swelling behavior of micellar
systems has provided a great deal of insight into the penetration of CO2 molecules into
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the surfactant tail region.64,70,225,226 The emulsion and microemlusion formation behavior
of a series of surfactants and block co-polymers has been correlated with interfacial
tension (IFT) at the CO2-water interfaces.67-69,71 Low IFT values are required for reverse
microemulsion formation as it decreases the Gibbs free energy penalty associated with
the large surface area formed.
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Figure 4.1. Schematic of the homologous series of perfluoroalkylpyridinium chloride
surfactants

In this paper we report the acid-catalyzed synthesis of mesoporous thin films
using a series of perfluoroalkylpyridinium chloride surfactants as pore templates and
describe the effect of CO2 processing on the structure of the thin films. The three
surfactant templates, HFOPC, HFDoMePC and HFDePC (Figure 4.1), were chosen to
systematically study the ability to tailor pore sizes with changes in CO2 processing
conditions, fluorinated template tail length, and surfactant branching. Pore expansion is
interpreted from the change in the hydrophilic-CO2-philic balance (HCB) of each
surfactant as a function of processing conditions, as described by the relative solubilities
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of HFOPC, HFDoMePC and HFDePC in water and CO2 and the interfacial activities of
the surfactants at the CO2-water interface.

4.3 Materials and Methods
4.3.1

Materials.

The

Tridecafluorooctyl)pyridinium

fluorinated
chloride

surfactants
(HFOPC;

1-(3,3,4,4,5,5,6,6,7,7,8,8,8-

C6F13(CH2)2NC5H5+

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluoro-decyl)pyridinium

Cl-),

1-

chloride

(HFDePC; C8F17(CH2)2NC5H5+ Cl-) and 1-(3,3,4,4,5,5,6,6,7,8,8,8-Dodecafluoro-7trifluoromethyloctyl)pyridinium chloride (HFDoMePC; (CF3)2CFC4F8(CH2)2NC5H5+ Cl)) were synthesized as described previously.229 Briefly, for each surfactant, anhydrous
pyridine was alkylated with the corresponding 1H,H,2H,2H-perfluoroalkyl iodide. The
pyridinium iodide was converted into the corresponding chloride by ion exchange
chromatography. The purity of all three surfactants was confirmed by mass spectrometry
and melting point measurements (as detailed elsewhere).31 Tetraethoxysilane (TEOS,
purity > 99%) was purchased from Gelest. Absolute ethyl alcohol purchased from Aaper
Alcohol and Chemical Co. (Shelbyville, KY), deionized ultrafiltered water from Fisher
Scientific and hydrochloric acid (0.1 N standardized solution) obtained from Alfa Aesar
were used for thin film synthesis. Carbon dioxide (Coleman grade, 99.99+%) was
purchased from Scott Gross Co. (Lexington, KY). Concentrated aqueous HCl (Fisher
Scientific) was used for surfactant extraction.
4.3.2 Cross-Polarized Microscopy.

Samples of HFDoMePC / H2O mixtures were

observed between crossed polaroids for birefrigency and subsequent identification of
mesophases at room temperature (23 ± 1 °C). Samples were prepared at four different
concentrations (30 wt%, 40 wt%, 50 wt% and 60 wt%) of HFDoMePC by mixing known
amounts of HFDoMePC and water in a vial for 24 hours to form a homogenous mixture.
The mixture was then placed on a glass slide in between the channels of a spacer. The
spacer was covered by a cover-slip to prevent any evaporation of the sample and allowed
to equilibrate for 72 hours to form the observed mesophase.
4.3.3 Thin Film Synthesis. Thin porous silica films were synthesized by dip coating on
glass slides based on the procedure of Lu et al.26 The glass slides were cleaned by treating
them in an ultrasonic cleaner and then sequentially rinsing them in water, isopropanol and
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acetone. Initially, TEOS, ethanol, water and HCl (mole ratio 1: 3.8: 1: 5*10-5) were
refluxed at 65 °C for 90 minutes and a clear solution of partially hydrolyzed silica was
formed. Water and HCl were then added in calculated quantities, resulting in a pH of
approximately 2 in the final solution, and the mixture was aged at 25 °C for 15 min and
then at 50 °C for an additional 15 min. Finally, a solution of the surfactant in ethanol was
added to the previously hydrolyzed silica sol under constant stirring. The final mole ratio
obtained was 1 TEOS : 12 C2H5OH : 5 H2O : 0.004 HCl : x surfactant (x varying
between 0.15 – 0.21, depending on surfactant). This solution was then dip-coated onto
the slides.
Immediately after coating, the thin films were divided into two treatment groups.
One treatment group of thin films was pressurized by CO2 in a 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controlled temperature and pressure for
72 hours. The effects of CO2 pressure (69 to 172 bar) and temperature (25 °C or 45 °C)
on the final pore structure were observed. The second treatment group of thin films,
which was not processed in CO2, was dried in an oven at temperature of 25 °C or 45 °C
for 72 hours. This ensured uniform thermal conditions for both batches of thin films.
Both treatment groups were next heated to 150°C in vacuum (heating started at 30°C and
oven temperature was ramped by 30°C every 6 hours) to ensure condensation of the silica
wall. The surfactant was then extracted from the as-synthesized films by washing twice
with acidic ethanol (5 ml of concentrated HCl in 45 ml of EtOH) .
4.3.4 Thin Film Characterization.

X-ray diffraction patterns were recorded on a

Siemens 5000 diffractometer using Cu K radiation (λ = 1.54098 Å) and a graphite
monochromator. Transmission electron microscope (TEM) images were taken with a
JEOL 2000FX instrument operating at 200 kV. TEM samples were prepared by scraping
the films off the glass substrate and directly depositing them onto a lacey carbon grid.
The pore diameters were calculated from the TEM micrographs using ImageJ software,
as reported previously.230,245 The pore diameters determined by TEM were confirmed by
nitrogen sorption measurements (on Micromeritics Tristar 3000 system) for thin films not
processed in CO2, which could readily be prepared in quantities sufficient for nitrogen
sorption analysis (> 10 mg). Nitrogen sorption samples were prepared by scraping the
films off the glass substrate and degassing at 140 °C for 4 hours under flowing nitrogen
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prior to measurement. The method proposed by Dubinin and Kaganer252 was used to
calculate pore size for the microporous materials templated by HFOPC while the BJH
method with a modified statistical film thickness equation (KJS method)253 was used to
calculate the pore size distributions for the mesoporous films templated by HFDePC and
HFDoMePC.
4.3.5 Interfacial Tension Measurements.

Interfacial tensions at the carbon

dioxide/water interface in the presence of the three cationic fluorinated surfactants were
determined as a function of CO2 pressure (69 bar to 172 bar) at 45 oC. The IFTs were
measured at 1.5 wt% surfactant in water, calculated to be above cmc for each
surfactant.113

IFT analysis was performed using JEFRI high-pressure pendant drop

tensiometer (DB Robinson Design & Manufacturing Ltd., Edmonton, Canada) in which
the drop phase fluid (surfactant + water) was introduced into a CO2 continuous phase. A
detailed description of the tensiometer is available elsewhere.254 An experimental run was
initiated by loading CO2 into the view cell at the desired pressure using a high pressure
syringe pump (ISCO Model 500D, Lincoln, NB). Before forming droplets, the aqueous
surfactant solution was presaturated with CO2 at the experimental temperature and
pressure. Pendant drops were subsequently formed on the end of the capillary tube
(diameter 0.02 cm) by slightly increasing the pressure in the drop phase cylinder relative
to the pressure in the view cell. Images of the pendant drop were recorded after
approximately 20 min. The interfacial tensions were calculated from analysis of the
pendant drop dimensions using a numerical solution to the Laplace equation.254,255
4.3.6 Surfactant Solubility in CO2. The solubility of the cationic fluorinated surfactants
in CO2 at 25 ˚C and 45 ˚C was examined using a Pressure Volume Temperature (PVT)
apparatus (DB Robinson Design & Manufacturing Ltd., Edmonton, Canada), as described
previously.256 Cloud point pressure was used to indicate the miscibility of surfactants
with CO2.256 Pressures of 55 bar to 355 bar were traversed at 25 and 45 ˚C and at
concentrations as low as 1 wt% surfactant. The fluorinated surfactants were immiscible
with CO2 at these conditions.
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4.4 Results and Discussion
4.4.1 Synthesis of Silica Thin Films Templated by Cationic Fluorinated Surfactants.
Fluorinated surfactants generally possess higher thermal stability, self-assemble
more easily and form aggregate structures with lower curvature compared to hydrocarbon
surfactants.113,114 The self assembly behavior of fluorinated surfactants results in low
critical micelle concentrations and low surface tensions, and the formation of fluorinated
mesophases with a broader range of structures including novel ‘intermediate’ phases. Our
research

team

has

previously

demonstrated

the

homologous

series

of

perfluoroalkylpyridinium chloride surfactants as templates in the base-catalyzed sol gel
synthesis of porous silica powders, resulting in hexagonal close-packed and mesh phase
structures,31 pore sizes in both microporous and mesoporous range,31 and vinyl
functionalized materials with increased accessibility relative to hydrocarbon surfactant
(CTAB) templated powders.76 The synthesis of ceramic thin films by templating with a
homologous series of fluorinated surfactants has the potential to control pore size through
surfactant tail length and branching, while exploiting the advantageous properties of
fluorinated mesophases.
In the present work, the phase behavior of the binary fluorinated cationic
surfactant/water system guides the synthesis recipe for the acid-catalyzed thin films.
Previous syntheses of mesoporous silica films by triblock copolymer templating and
CTAB have demonstrated that the final structure of the materials corresponds to the
mesophase observed in the surfactant water phase diagram when the surfactant volume
fraction is equated to that in the film after removal of the volatile solvents.257,258 The
binary water-surfactant diagrams were obtained from literature for the surfactants
HFOPC259 and HFDePC114 and

volume fractions of 0.7 for HFOPC and 0.67 for

HFDePC were selected, corresponding to the center of the hexagonal domain in the phase
diagram. A surfactant concentration for formation of hexagonal mesophase in the
HFDoMePC/water system was determined as 55 wt% HFDoMePC (volume fraction of
0.64) using cross-polarized microscopy.
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Figure 4.2. XRD patterns of thin films prepared
without CO2 processing and templated with (a)
HFOPC, (b) HFDoMePC and (c) HFDePC.
The XRD patterns of thin films templated with the three cationic fluorinated
surfactants at 45°C after extraction are presented in Figure 4.2. Thin films templated with
HFOPC and HFDoMePC display one sharp reflection, indicating the formation of
ordered structure. XRD pattern of film templated with HFDePC shows one sharp
reflection corresponding to (100) plane and a second weaker reflection that can be
indexed to the (200) reflection. The presence of ordering after surfactant extraction and
position of the two reflections are consistent with the formation of hexagonal structure
for the HFDePC templated film; a lamellar structure would have collapsed after
surfactant removal. Representative TEM images for all three surfactant templated thin
films confirm the presence of well-ordered 2-D hexagonal structure (Fig. 4.3).
The one reflection observed in XRD plots of HFOPC and HFDoMePC templated
films can then be indexed to the (100) plane of a hexagonal mesostructure. It is worth
noting that this is truly an example of evaporation-induced self-assembly; forming
ordered bulk materials by polymerization at similar pH and surfactant: silica values has
been very difficult due to the slow assembly of these surfactants in concentrated solution
at moderately elevated temperatures.
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Figure 4.3. TEM micrographs of thin films prepared without CO2 processing and
templated with (a) HFOPC, (b) HFDoMePC and (c) HFDePC and (d) for film
templated with HFOPC and processed in CO2 at 172 bar and 45 °C.
The nitrogen sorption analysis reveals a Type I isotherm for the HFOPCtemplated thin film, characteristic of microporous materials (Figure 4.4), and its pore
diameter was estimated as 1.91 nm using the method of Dubinin and Kaganer.252 Type IV
isotherms, characteristic of mesoporous materials, were observed for films templated
with both HFDePC and HFDoMePC. The KJS method (modified BJH method),253
applicable to the calculation of physical properties of mesoporous material with uniform
cylindrical pores, was used to analyze the N2 sorption data for both samples. Pore
diameters obtained from these N2 adsorption experiments are 1.98 nm and diameters
calculated from N2 sorption measurements compare favorably with those calculated from

48

Vol adsorbed ( cm3 / g STP)

600
c

500
400

b

300
200
100

a

0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Relative Pressure

Figure 4.4. Nitrogen sorption isotherm of thin films prepared
without CO2 processing templated with (a) HFOPC, (b)
HFDoMePC and (c) HFDePC. Open symbols are for adsorption
and filled for desorption. The y-axis values have been offset by
130 units (trace b) and by 300 units (trace c) for clarity.
TEM images (as listed in Table 4.1). Aging the thin films at 25 °C results in the
same hexagonal structure for all three surfactants, with d-spacing values and pore sizes
similar to values obtained at 45 °C (Table 4.1).
Templating with a longer-tailed surfactant, the decyl chain surfactant (HFDePC),
resulted in a larger pore diameter relative to the octyl chain surfactant (HFOPC). This is
an expected trend because the pore size is determined by the length of the hydrophobic
tail group of the surfactant.31 The tail length for each surfactant molecule was calculated
from their optimum configuration using SPARTAN.260 The surfactant molecule was first
created in an all trans configuration in SPARTAN and next an energy minimization was
performed on the molecule to using the classical MMFF94 force field to obtain the
optimum configuration. Finally the tail length of each surfactant was calculated by noting
the distance between the pyridinium nitrogen atom and the last atom in the tail. HFOPC
and a branched version of this surfactant, HFDoMePC (containing an additional CF2
group) was determined to have similar surfactant tail lengths, However the pore diameter
for HFDoMePC templated film is larger compared to HFOPC templated film, suggesting
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Table 4.1: Summary of d-spacing and pore diameter for thin film templated with all
three different surfactants as a function of CO2 processing conditions

CO2processing
conditions

Density
of CO2
(g/ml)23
3

HFOPC film
dPore
spacing diameter
a
(nm)
(nm)

HFDePC film
dPore
spacing diameter
a
(nm)
(nm)

HFDoMePC film
dPore
spacing diameter
a
(nm)
(nm)

Unprocessed
(45 °C)

-

2.48

1.91
(0.092)

2.83

2.16
(0.082)

2.51

1.96
(0.086)

Unprocessed
(25 °C)

-

2.46

1.90
(0.088)

2.86

2.18
(0.085)

2.53

1.96
(0.084)

69 bar and
45 °C (gas)

0.178

2.78

2.33
(0.086)

3.50

3.06
(0.080)

2.88

2.51
(0.087)

103 bar and
45 °C (sc)

0.544

2.9

2.58
(0.098)

3.94

3.57
(0.084)

3.12

2.84
(0.089)

137 bar and
45 °C (sc)

0.715

2.96

2.69
(0.094)

3.98

3.68
(0.078)

3.21

2.99
(0.082)

172 bar and
45 °C (sc)

0.779

3.06

2.78
(0.090)

4.06

3.86
(0.084)

3.32

3.18
(0.09)

172 bar and
25 °C (liq)

0.894

3.06

2.76
(0.094)

4.05

3.84
(0.082)

3.33

3.17
(0.084)

a

Values in the parenthesis are standard deviations of pore diameters obtained from ten
different TEM images of the same sample.

that branching expands the core of the micelle template.31 The d-spacing values, as
calculated from the XRD plots, also increase slightly from HFOPC templated film (2.48
nm) to HFDoMePC films (2.51 nm), and are significantly larger for HFDePC (2.83 nm)
synthesized film. The similar trends in pore diameter are expected, as the surfactant
chain length contributes to both parameters. However, the d-spacing (distance between
the (100) planes of the hexagonal close-packed structure) includes both the diameter of
the pores and the thickness of the silica walls.
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This trend in pore size with surfactant chain length was also observed during the
base-catalyzed synthesis of hexagonally ordered silica particles in a homogenous
medium.31 In that study, the d-spacing for the HFOPC templated powders (2.66 nm) was
also smaller than both the branched HFDoMePC powders (2.81 nm) and longer chain
HFDePC templated powders (2.96 nm). The larger d-spacing for base catalyzed powders
compared to acid catalyzed films as observed for each template can be attributed to the
silica being neutral or slightly positively charged in the acid-catalyzed films, which is
expected to lower the aggregation number in the cationic micelles relative to the
negatively charged silica present in base catalyzed synthesis.
4.4.2 Effects of CO2 Processing on Thin Film Structure
The ability to tailor the pore size of fluorinated surfactant templated thin films by
CO2 processing immediately after coating was examined for this homologous series of
cationic surfactants. Varying the properties of the surfactant tail (tail length and
branching) and the solvent strength of CO2 are expected to result in treated thin films
having a wide range of pore sizes. CO2 processing and the resulting penetration of
surfactant tail for pore expansion in thin films occurs during the modulable steady state
(MSS) of the film, a period reached a few seconds after sol coating, when the silica
network is not too rigid and the final structure can be modified by external influence.134
The higher diffusivity of sc CO2 is expected to be an advantage compared to organic
swelling agents as it allows more rapid penetration into the surfactant tail during silica
condensation.
Figure 4.5 compares XRD plots of thin films templated with HFOPC as a function
of CO2 treatment conditions immediately after coating. At least one sharp peak
corresponding to the (100) reflection is observed for all extracted films, indicating that
the hexagonal ordering is preserved after CO2 processing. A decrease in 2θ value for the
(100) reflection, corresponding to an increase in d-spacing, is evident for CO2 processed
films relative to the unprocessed film. The largest increase in d-spacing is observed for
the film treated at the highest pressure investigated (2.48 nm for the unprocessed film
relative to 3.06 nm for CO2 processing at 172 bar). Liquid CO2 (25°C) and sc CO2 (45°C)
treatment at 172 bar result in similar d-spacing values. (Table 4.1)
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Figure 4.5. XRD spectra of thin films templated with HFOPC
and processed in CO2 at (a) 172 bar and 45 °C, (b) 172 bar
and 25 °C, (c) 137 bar and 45 °C, (d) 103 bar and 45 °C, (e)
69 bar and 45 °C, and (f) not processed in CO2.

TEM images confirm the long range structure of the CO2-processed films
(representative TEM images are shown in Figure 4.3), and were used to determine the
corresponding pore size (Table 4.1).

The pore diameters measured directly from the

TEM images increase with CO2 pressure.

For example, the largest pore diameter

observed for the HFOPC templated film is 2.76 nm for CO2 treatment at 172 bar and
45°C compared to 1.91 nm for the unprocessed film (Figure 4.2, Table 4.1).
The increase in d-spacing (Figure 4.6a) with CO2 processing mirrors the increase
in pore size (Figure 4.6b). Both measures of pore expansion increase steadily at lower
CO2 densities, but level off at higher CO2 density (ρCO2 > 0.6 g/ml). However, the
magnitude of the increase of pore diameter with CO2 processing (20% - 80% at the
conditions investigated) is significantly greater than the increased d-spacing (10% 45%). The difference results from the fact that the thickness of the silica wall, as
measured from the difference between the lattice parameter (a = 2/√3*d-spacing) and the
pore diameter, actually decreases between 5% - 25% (depending on CO2 pressure and
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Figure 4. 6. Percentage increase of (a) d-spacing and (b)
pore diameter of thin films processed in CO2 relative to
unprocessed films as a function of CO2 density.
surfactant) with increasing pressure. Thus, the observed swelling effect of CO2 during
synthesis is limited to the pores.
The increase in pore expansion with increasing CO2 pressure (Figure 4.6) can be
interpreted from the driving force for the localization of CO2 molecules in the surfactant
tails. For example, investigations of alkane incorporation within a CTAB (hydrocarbon)
micellar system have shown that short alkane swelling agent penetrate the tails of
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surfactant molecules.153,261 In contrast, the free energy of mixing of alkanes in tails is
unfavorable for alkanes larger than decane. Hence the larger alkane molecules form a
core at the center of the micelle.153 CO2 is a small molecule and has a favorable free
energy of mixing with the fluorinated tails as indicated by the high solubility of a large
number of fluorinated surfactants in CO2.74,224 Thus, CO2 would be expected to be
solubilized in the fluorinated surfactant tails of the templates, as observed in
perfluoropolyether surfactant cylindrical micelles.154 The larger pore expansion observed
with increased CO2 density is consistent with its increased solvent strength,160 resulting in
a higher degree of surfactant tail solvation.
Pore expansion reaches a near-constant value at CO2 densities greater than
approximately 0.6 g/ml. Similarly, CO2 sorption during swelling of bulk and polymer
films like poly(methylmethacrylate) (PMMA),262-264 polycarbonates (PC),262,264 and
poly(dimethylsiloxane) (PDMS),231,265 and CO2 solubility in hydrocarbon copolymer
agents like poly(propylene oxide) (PPO),75 also increases rapidly at lower pressure and
then levels off at higher pressure. Another reason for the observed limit in pore expansion
could be that the increased solvent strength with increasing CO2 pressure may be offset
by the decreased diffusivity of CO2 with pressure in supercritical and liquid conditions.
An additional explanation is that micelle swelling could be constrained by the silica
matrix, which is fixed to a glass slide.
Figure 4.6 also compares the pore expansion in the silica thin films as a function
of surfactant tail length and branching of the template. The film templated with the longer
-decyl tail surfactant HFDePC has a greater degree of pore expansion relative to the –
octyl tail HFOPC templated film. CO2 is capable of solvating the entire length of the
fluorinated tail.70 Therefore, an increase in number of fluorocarbon groups in the
surfactant tail leads to an expected increase in pore expansion by CO2. The pore
expansion for the branched tail surfactant HFDoMePC templated film is also larger than
that of HFOPC templated film (Figure 4.6) even though the unsolvated tail length of both
surfactants are approximately equal. This result can also be explained by noting that
previous studies of water-in-CO2 microemulsions have shown that branching increases
surfactant solubility in CO2 resulting in greater solvation of the stubby branched tails
compared to straight chain surfactants.163
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4.4.3 Micelle-Based Interpretation of Pore Expansion
Previous micellization studies in the presence of CO2 provide insight into the
driving force and limitations of CO2-based pore expansion in templated thin films.
Similar to micellization,160 the driving forces for pore expansion through surfactant tail
solvation by CO2 can be interpreted as a balance between the favorable free energy of
CO2 penetration of the surfactant tails and the unfavorable free energy penalty associated
with micelle swelling. Interfacial tension at CO2-water interfaces and solubility studies
have been used to interpret properties of self-assembled aggregates such as CO2continuous microemulsions as a function of pressure, temperature, and surfactant
structure.67-69,71 Figure 4.4.7 reports the interfacial tensions (IFTs) of the surfactant
templates used in this study, HFOPC, HFDoMePC and HFDePC, at CO2-water interfaces
relative to pure CO2-water interface data at 45 °C.69,266 The IFT values for all three
fluorinated surfactants decrease with an increase in CO2 pressure and also with an
increase of fluorocarbon groups and branching of the tail, as observed in previous
studies.68,71 The lowest IFT value is observed for the branched chain surfactant,
HFDoMePC (3.80 mN/m at 172 bar and 45 °C).
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Figure 4.7. Interfacial tension of all three surfactants at the CO2water interface as a function of CO2 pressure at 45 °C.
Scaling on y-axis different above and below the break for clarity.
Standard deviations of IFT values from this study (< ± 4%) not
shown in figure for clarity.
CO2-water interfacial tensions from this study ( ) are compared to
those of da Rocha et.al.69 ( )and Chun and Wilkinson266 ( ).

55

The lowest possible value of IFT for a particular surfactant at CO2-water
interfaces is observed at the most balanced state of hydrophilic-CO2-philic balance
(HCB),69 where the surfactant has equal affinity for both phases; inversion of colloidal
dispersions between CO2-in-water and water-in-CO2 with change in formulation variables
(CO2 pressure, temperature, system pH and salinity) can occur at this balanced state.67,267
In general, the curvature (H) at the CO2-water interface predicts the existence of colloidal
dispersions of CO2-in-water (H>0) or water-in-CO2 (H<0) and can be described from the
packing parameter.67 The distribution of the surfactant between oil and water phases has
roughly been used to determine the sign of the curvature (Bancroft’s rule),268 although
Kahlweit suggests that the ratio of cmcs in the two phases (and not the ratio of
monomers) is a more accurate predictor of curvature.269 Thus, for a surfactant with
higher solubility in aqueous phase compared to CO2, the surfactant lies on the aqueous
side of HCB (HCB > 1). The homologous series of cationic fluorinated templates in this
study was observed to have minimal solubility at concentrations lower than 1 wt% (at
25°C and 45°C and pressures from 55 – 355 bar) in CO2, while being highly soluble in
water (solute concentration > 40 wt%).114 Hence, these surfactants lie on the aqueous side
of the HCB. The observed decrease in IFT with increasing CO2 pressure indicates
movement towards a more balanced state of HCB (i.e. towards the CO2-philic side or
more favorable penetration of CO2 molecules in the surfactant tail).67
Similarly, the decrease in the IFT at the CO2/water interface with increasing
surfactant tail length is consistent with the larger degree of pore expansion observed for
the HFDePC - templated film. However, the IFT values for the branched surfactant,
HFDoMePC, are lower than for the -decyl tail surfactant, HFDePC, suggesting that
degree of pore expansion for HFDoMePC templated film should be greater. This
apparent contradiction between IFT values and the observed pore expansion may be
explained from the solvation and geometric effects of micelle assembly in CO2.
Branching of surfactant tail leads to an increased solubility of surfactant in CO2 along
with a corresponding lowering of aqueous solubility.163 For surfactants present on the
aqueous side of HCB, this would indicate a movement towards the CO2/water interface
and along with the ability of the stubby branched tails to minimize tail overlap163,164 leads
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to the observed decrease in interfacial tension for HFDoMePC. The geometric
dependence of micelle swelling can be described by the penalty in Gibbs free energy
during formation of self-assembled aggregates, which is directly related to the creation of
interfacial area. For the straight tail surfactant, swelling by CO2 is limited along the radial
direction. However, solvation along the branches of a branched surfactant results in a
lesser increase in interfacial area, thus resulting in a smaller free energy penalty.
Therefore, the solvation of the branched surfactant can result in a smaller pore diameter
increase (expansion is distributed along both branches) compared to the straight chain
surfactant, but the CO2 penetration and hence volume swelling over both branches of
HFDoMePC can be greater (consistent with the IFT measurements). CO2-water
interfacial activity and solubility of surfactants in CO2 can thus be used to interpret the
trends in pore expansion as a function of surfactant template structure and CO2 density.

4.5 Conclusions
Nanoporous silica thin films with well ordered hexagonal structure were synthesized by
dip-coating using a homologous series of cationic fluorinated surfactants as templating
agents under acidic conditions. The nanoporous silica films were processed in CO2
directly after coating, which resulted in pressure tunable swelling of the ‘CO2-philic’
fluorinated templates leading to thin films with pore diameters in the range of 1.91 (±
0.20) nm to 3.86 (± 0.20) nm. The pore expansion of thin films increased with an increase
in CO2 pressure and with the tail length of surfactant templates. Branching of the
surfactant template resulted in increased swelling of the micelle core, compared to linear
tail surfactants, which is consistent with previous studies of CO2 solvation of fluorinated
tails.224,244 The long-range ordering of the thin films was retained after pore expansion,
unlike some previous investigations using traditional organic solvents as pore swelling
agents.37,39,222
Sol-gel processing of templated materials provides the opportunity to capture selfassembled structures into kinetically stable materials.270,271 Capturing the effects of CO2
on self-assembly has practical application (i.e., pore expansion or CO2-directed self
assembly) and addresses the limited investigations of the effect of CO2 on surfactant
mesophases.75,272 In contrast, numerous investigations have focused on the effect of CO2
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on

self-assembled

aggregates

(micelles

and

microemulsions).68,70,226,251,273

The

interpretation of CO2–induced pore expansion using micelle-based approaches (i.e.
interfacial activity and phase behavior, as relevant to the HCB) may provide a systematic
guide to design surfactant systems whose resulting co-assembled structures may be
altered through CO2 solvation.

Copyright © Kaustav Ghosh 2007
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CHAPTER FIVE

PORE SIZE ENGINEERING IN FLUORINATED SURFACTANT
TEMPLATED MESOPOROUS SILICA POWDERS THROUGH
SUPERCRITICAL CARBON DIOXIDE PROCESSING

5.1 Summary
Pore expansion of fluorinated surfactant templated mesoporous silica powders is
demonstrated as a function of pressurized CO2 processing conditions. Mesoporous silica
powder is synthesized by sol-gel reaction induced precipitation in a base-catalyzed
medium

using

1-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl)-pyridinium

chloride

(HFOPC) as template and, immediately after filtration, the precipitated material is
processed in gaseous and supercritical CO2 (88 – 344 bar, 45°C) for 48 h.
Characterization of the silica powders by XRD, TEM and N2 adsorption reveals the
formation of well-ordered materials with 2D hexagonal close-packed pore structure
before and after CO2 processing. An optimal aging time (time from addition of silica
precursor to the sol until the filtration of the hydrolyzed sol) of 20 min prior to CO2
processing is identified. Proper aging time results in silica powder with significant pore
expansion at all processing pressures while retaining the long range structure of the
material. The pore diameter of the mesoporous material increases with increasing CO2
pressure (from 2.60 nm (unprocessed) to 3.21 nm at 344 bar), but appears to level off
above 100 bar. The pore expansion behavior is attributed to favorable CO2 penetration in
the ‘CO2-philic’ fluorinated tails of the surfactant template. The CO2 expansion of base
catalyzed silica powders is significantly less than we previously observed for acid
catalyzed, evaporation-driven thin film synthesis using fluorinated cationic surfactant
templates. The effect of pH on self-assembly and increased silica condensation in basic
conditions may inhibit pore expansion by CO2.

5.2 Introduction
The base-catalyzed sol-gel synthesis of mesoporous silica proceeds through a coassembly process, in which the surfactant molecules form well-ordered supramolecular

59

templates and the hydrolyzed silica precursor associates with the surfactant head group.24
Under basic conditions, hydrolyzed silica precursors initially precipitate with surfactant
micelles to form composite particles that are solidified by condensation of the silica
network. Finally, removal of the surfactant templates results in mesoporous silica with
the desirable properties of uniform pore size distribution and high surface area. The
ordered nanostructured materials have diverse applications in the fields of separations,
adsorption, catalysis, biomimetics and sensing.129,132,133,221,238 The ability to tailor the
mesoporous materials has further increased their applications, as recently demonstrated in
drug delivery, chromatographic and electrode applications.146-148 Traditionally, the
synthesis of pore expanded surfactant templated materials is accomplished through the
addition of an inert swelling agent (e.g., polypropylene oxide or dodecane) in the micellar
solution. The swelling agent interacts favorably with the surfactant tails or forms an
inner core in the micelle.37-39,243 However, agents for tailoring pore structure affect the
surfactant self-assembly in solution and may lead to either complete transition to a new
mesophase or loss of long-range order.37,39,222
The tunable solvent strength of compressed and sc (supercritical) CO2 (Tc =
31.1°C, Pc = 73.8 bar) suggests its use for the controlled expansion of pores formed by
surfactant templating. Additional advantages of sc CO2 relative to organic process
solvents include its high diffusivity and the absence of a liquid-vapor interface during
depressurization

enabling

preservation

of

long-range

structure.

CO2

is

also

nonflammable, nontoxic, environmentally acceptable, and inexpensive. CO2 is also
nonflammable, nontoxic, environmentally acceptable, and inexpensive.
Sc CO2 has previously been used to expand mesoporous silica powders templated
by hydrocarbon copolymer surfactants (P123, P85 and F127), where pore expansion of
54% was achieved for processing pressures of 482 bar.75,223 Recently, we have observed
significant pore expansion (20% - 80%) as a function of CO2 processing conditions (69 172 bar, 45°C) for silica films templated with cationic fluorinated surfactants with
varying tail length and branching.245,274 The dramatic pore expansion achieved in
fluorinated surfactant templated silica at lower CO2 processing pressures compared to
hydrocarbon templates suggests a favorable penetration of CO2 molecules into the
fluorinated tails. Indeed, many fluorinated moieties have been identified as “CO2-philic”
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based on their high solubility in CO2, and their weak dispersion forces, which are similar
to that of CO2.74,224 Thus, the high degree of solvation of fluorinated tails by CO2 can be
exploited to tailor mesoporous ceramics. The favorable transport properties and tunable
solvent strength of sc CO2 processing are also advantageous for infusing silica precursors
into preformed ordered templates for synthesis of mesoporous silica films55 and the
extraction of surfactant templates from uncalcined ordered mesoporous silica.275,276 Thus,
CO2 technology is potentially a versatile tool in processing mesoporous ceramics.
All prior investigations of the CO2-activated pore expansion of silica materials
employed an acid-catalyzed sol gel process (pH ~ 2-3). Acid catalysis is well-suited to
the use of high pressure CO2, which acidifies aqueous solutions (pH ~ 3) due to the
formation and dissociation of carbonic acid.277 Extending CO2 processing to base
catalyzed silica powders, however, could introduce pH variations in the system. Previous
studies have shown that the addition of NaOH to a water-CO2 system can raise pH values
to above 8 for CO2 pressure of 482 bar at 22°C.278 In addition, materials synthesis in a
basic media is characterized by more rapid condensation of the silica matrix, which could
ultimately constrain pore expansion compared to acid catalyzed films.
In this paper we report the CO2-activated pore expansion of base-catalyzed
mesoporous silica powders templated using a cationic fluorinated surfactant, HFOPC.
The effect of the aging time of the hydrolyzed sol on processibility using CO2 is
examined and an appropriate aging time is identified. The swelling behavior of these
silica powders is compared to the pore swelling in acid catalyzed thin films. The change
in pore structure of silica powders as a function of CO2 processing conditions is used to
interpret CO2 penetration in surfactant mesophases.

5.3 Materials and Methods
5.3.1 Materials
1-(3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl)pyridinium

chloride

(HFOPC;

C6F13(CH2)2NC5H5+ Cl-), was synthesized as described previously.229 Briefly, anhydrous
pyridine was alkylated with 1H,H,2H,2H-tridecafluoroalkyl iodide. The pyridinium
iodide was converted into the corresponding chloride by ion exchange chromatography
and the purity was confirmed by mass spectrometry and melting point measurements (as
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detailed elsewhere).31 Tetraethoxysilane (TEOS, purity > 99%, Gelest), NH3 (28 – 30%
solution from Malinckrodt), absolute ethanol (Aaper Alcohol and Chemical Co.),
deionized ultrafiltered water and HCl (Fisher Scientific) were also used in the material
synthesis. Carbon dioxide (Coleman grade, 99.99+%) was purchased from Scott Gross
Co. (Lexington, KY).
5.3.2 Mesoporous Silica Synthesis and CO2 processing
Mesoporous silica powders were synthesized using NH3 as a catalyst and HFOPC
as a template, as described previously.76 Briefly, TEOS was added to a mixture of NH3
and de-ionized ultra-filtered (DIUF) H2O in molar ratios of 1 TEOS: 2.65 NH3: 149
DIUF H2O.76 After letting the sol-gel reaction proceed for a fixed amount of time (aging
time), the solution was filtered and the powdered silica filtrate was divided into two
batches. One batch was treated at 45°C at ambient pressure for 48 h; the other batch was
processed in CO2 at a constant pressure (88 to 344 bar) and 45°C, also for 48 h. Samples
treated with CO2 at less than 172 bar were processed in a 100 mL stainless steel Parr
Mini Reactor. At higher pressures, CO2 processing was conducted in a 16 mL Micro
Reactor (High Pressure, SS Series, rated to 2064 bar). The Micro Reactor is not suitable
for holding a glass slide, and was therefore not used in the previous investigation of CO2
processing of dip coated films. Thus, an advantage of extending CO2 processing to basecatalyzed particle precipitation was the ability to investigate CO2 processing at higher
pressures. After completion of CO2 processing, the powders were depressurized. For both
reactors, the pressurization and depressurization steps were performed slowly (~ 25
bar/min) to prevent collapse of silica structure. Both the CO2 treated and the untreated
batches of synthesized materials were then heated in vacuum at 100°C for 24 h
(temperature ramped by 30°C every 6 h) and then extracted by washing twice with acidic
ethanol (5 ml of concentrated HCl in 95 ml of EtOH) .
5.3.3 Material Characterization
X-ray diffraction patterns were recorded on a Siemens 5000 diffractometer using
Cu K radiation (λ = 1.54098 Å) and a graphite monochromator. Transmission electron
microscope (TEM) images were taken with a JEOL 2000FX instrument operating at 200
kV. Samples were prepared by directly depositing the powders onto a lacey carbon grid.
Nitrogen adsorption measurements were conducted using a Micromeritics Tristar 3000
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system. Samples were degassed at 140°C for 4 h under flowing nitrogen prior to
adsorption measurement. The pore size distribution and surface area of the mesoporous
silica were determined by analyzing the nitrogen adsorption results using the BJH method
with a modified statistical film thickness equation (KJS method).253

5.4 Results and Discussion
Fluorinated surfactants generally self-assemble more easily and form aggregate
structures with lower curvature compared to hydrocarbon surfactants.113,114 Our research
team has exploited properties of fluorinated surfactant templating to form unusually small
uniform pores (1.6 nm),123 to capture novel intermediate mesh phase structures,31 to alter
accessibility of organic functional groups,124 and to demonstrate pore structure
refinement by CO2 processing.274 The synthesis of base-catalyzed porous silica powders
through templating with a homologous series of perfluoroalkylpyridinium chloride
surfactants, including HFOPC, resulted in hexagonal close-packed and mesh phase
structures.31 Separate investigations demonstrated the pore expansion of acid catalyzed
porous silica films through CO2 penetration of the ‘CO2-philic’ fluorinated templates,
including HFOPC.245,274
In extending CO2 processing to base-catalyzed silica powders, we first
investigated the effects of aging time (time from addition of silica precursor to the sol
until the filtration of the hydrolyzed sol) of silica synthesis on the ability to process the
powders with CO2.

While a minimum aging time is required to allow sufficient

hydrolysis for the formation of the initial silica structure in base-catalyzed precipitation
of particles, the extent of silica condensation in an over-aged solution may inhibit
expansion of the silica structure by CO2. In contrast, the mesostructure of thin films is
formed within the first few seconds after dip coating. Therefore, for the acid catalyzed
films, there is no minimum aging time before CO2 processing, and longer aging times
merely result in increased condensation, thereby limiting pore expansion.274
The effect of aging time on the CO2-activated pore expansion behavior of
templated silica was evaluated at CO2 processing conditions of 103 bar and 45°C for 48
h. XRD was used to determine the long range order and pore expansion of mesoporous
silica powders with and without CO2 processing (Fig. 5.1) at aging times of 20 min, 1 h

63

Intensity (arb units)

d

= 2.94 nm
100

d

d
= 3.11 nm
100
d

100

d

1

2

3

c

= 3.16 nm

b
= 2.87 nm

100

4

5

a
6

7

2θ
θ
Fig. 5.1. XRD patterns of HFOPC templated silica powders
synthesized (a) without CO2 processing; and processed in CO2 at
103 bar and 45 °C after aging for (b) 20 min, (c) 1 hr and (d) 24 hr.
and 24 h. The minimum aging time investigated, 20 min, is the approximate onset of
uniform cloudiness in the sol solution, indicating significant hydrolysis and silica
precipitation. The longest aging time, 24 h, was selected to match conditions from our
previous study and represents complete hydrolysis of the silica precursor and the
formation of the final ordered structure.76 The XRD plot for the sample aged 20 min prior
to CO2 processing (Fig. 5.1b) shows a significant increase in d-spacing (3.16 nm)
compared to the unprocessed sample (2.87 nm). In addition, the presence of (100) and
(110) reflections in both the unprocessed material and the material aged 20 min indicates
that long range hexagonal ordering is retained. TEM images confirm 2D-hexagonal
structure for the HFOPC templated mesoporous silica (Fig. 5.2a) and the retention of
order following CO2 processing of the 20 min aged sample (Fig. 5.2b).
A broad, broken peak is observed for the sample aged for 1 hr prior to CO2
processing (Fig. 5.1c), characteristic of a broad distribution of pore sizes. This peak can

64

25 nm

a

b

25 nm

Figure 5.2. TEM micrographs of HFOPC templated mesoporous
silica powders (a) without CO2 processing and (b) processed in
CO2 at 103 bar and 45°C.

be indexed to the (100) reflection with a d-spacing of 3.11 nm.

Non-uniform pore

expansion during CO2 processing could explain the breadth of the (100) reflection.
Regions where CO2 penetrates the surfactant tails before significant silica condensation
may experience pore expansion, while pore expansion would be limited in areas where
significant silica condensation has occurred. For the 24 h aged sample, CO2 processing
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Figure 5.3. Nitrogen sorption isotherm of HFOPC templated silica powders
prepared with CO2 processing (103 bar and 45 °C) after aging for (a) 20 min,
(b) 1 hr and (c) 24 hr. Filled symbols are for adsorption and open for
desorption. The y-axis values have been offset by 600 units (trace b) and by
1000 units (trace c) for clarity.
increased the d-spacing only slightly (2.94 nm) (Fig. 5.1d) relative to the unprocessed
sample (2.87 nm). More complete silica condensation throughout the sample
due to longer aging time restricts the pore expansion. However, the breadth of the peak
suggests that the order of the silica structure deteriorated after CO2 processing compared
to the unprocessed powder, which was aged for a similar period of 24 h.
The effect of aging time can also be observed from the N2 adsorption isotherms of
the silica powders. The 20 min and 1 h aged samples processed in CO2 at 103 bar and
45°C display Type IV isotherms (Figure 5.3), characteristic of ordered mesoporous
materials.253 The pore diameter of the 20 min aged sample increases from 2.60 nm for the
unprocessed particles to 2.98 nm (Fig. 5.3a), similar to the increased d-spacing observed
by XRD. The surface area also increases, from 811 m2/g for the unprocessed powder to
1117 m2/g for the powders processed in CO2 after 20 min of aging. The pore diameter of
the 1 h aged sample does not change significantly with CO2 processing (2.66 nm) and the
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surface area actually decreases (550 m2/g). (Fig. 5.3b), This result is counterintuitive to
the XRD analysis, which reveals an increase in d-spacing with CO2 processing from 2.87
nm for the unprocessed powder to 3.10 nm for 1h aged powder This difference could be
the result of non-uniform pore expansion by CO2, an observation confirmed from XRD
analysis. For the 24 h aged sample, both the pore diameter (1.55 nm) and the surface area
(176 m2/g) decrease significantly after CO2 processing (103 bar and 45 °C) compared to
the unprocessed sample (Fig. 5.3c). This suggests partial collapse of the silica structure, a
finding confirmed by the loss of long-range order in the XRD plot. The investigation of
aging time suggests that CO2 processing should begin as soon as precipitation of the
base-catalyzed templated silica is observable. All subsequent comparisons of effects of
CO2 processing on mesoporous silica are based on an aging period of 20 min.
The ability to tune the pore expansion of the mesoporous silica powders was
investigated as a function of CO2 processing conditions. The XRD patterns of
mesoporous silica powders as a function of CO2 treatment (no CO2 processing, gaseous
CO2 processing at 88 bar and 45°C, and sc CO2 processing at 45°C and pressures of 103
bar, 137 bar, 172 bar, 258 bar and 344 bar) are presented in Figure 5.4. XRD results
indicate well ordered 2D hexagonal structure, with the presence of at least two peaks that
can be indexed to the (100) and (110) reflections. TEM images verify the 2D hexagonal
structure inferred from the XRD results. Figure 5.2b presents a representative TEM
image of mesoporous silica powder processed in CO2 at 103 bar and 45°C. Regular
arrays of uniform channels parallel to the channel axis and a cross-sectional view of the
hexagonal channels confirm the long range hexagonal order of the CO2 processed
powders.
An increase in d-spacing of the periodic nanostructure, corresponding to a
decrease in the 2θ value of the (100) reflection, is observed for all CO2 processed
powders relative to the unprocessed powders (Fig. 5.4 and Table 5.1). The d-spacing
increases substantially with pressure at lower processing pressures (from 2.87 nm for the
unprocessed powders to 3.11 nm for gaseous CO2 processing at 88 bar and 45°C and to
3.16 nm for sc CO2 processing at 103 bar at 45°C). Thereafter, the degree of d-spacing
increase with pressure is much lower, achieving a d-spacing of 3.30 nm at the highest
processing pressure of 344 bar at 45°C. CO2 density at a given temperature is a better
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Figure 5.4. XRD patterns of mesoporous silica powders templated with HFOPC (a) before
processing in CO2 and processed in CO2 at (b) 88 bar and 45 °C (ρCO2 = 0.31 g/ml), (c) 103 bar
and 45 °C (ρCO2 = 0.54 g/ml), (d) 137 bar and 45 °C (ρCO2 = 0.71 g/ml), (e) 172 bar and 45 °C
(ρCO2 = 0.78 g/ml), (f) 258 bar and 45 °C (ρCO2 = 0.86 g/ml), and (g) 344 bar and 45 °C (ρCO2 =
verify the 2D hexagonal structure inferred from the XRD results. Figure 2b
0.91 g/ml). (110) reflections have been expanded 3 times in some plots for clarity.

description of its tunable solvent strength, or the ability to solvate the fluorinated tails,
than pressure. However, the d-spacing increase with CO2 density (Table 5.1) is not
linear. The most significant increase of d-spacing with density is observed in the low
density regime of gaseous CO2 (8.4 % d-spacing increase at 0.31 g/ml (88 bar, 45˚C).
The increase with density is less sizable at higher processing pressures (15.0 % d-spacing
increase at 0.92 g/ml (344 bar, 45˚C).
N2 adsorption isotherms of the CO2-processed mesoporous silica powders (Fig
5.5) display Type IV isotherms, indicative of ordered mesoporous materials. The
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Table 5.1 Summary of pore structure of mesoporous silica powders as a function of
CO2 processing conditions
CO2
conditions

ρCO2
(g/ml)2

d100 (nm)

dp (nm)

St
(m2/g)

vm
(cm3/g)

t
(nm)

2.87

2.6

811

0.28

0.71

33

No CO2
88 bar, 45°C

0.31

3.11 (0.24)a

2.83 (0.23)b

1052

0.59

0.76

103 bar, 45°C

0.54

3.16 (0.29)a

3.03 (0.43)b

1117

0.71

0.62

137 bar, 45°C

0.72

3.22 (0.35)a

3.11 (0.51)b

1225

0.79

0.61

172 bar, 45°C

0.78

3.24 (0.37)a

3.12 (0.52)b

1187

0.77

0.62

258 bar, 45°C

0.86

3.28 (0.41)a

3.17 (0.57)b

1279

0.80

0.62

344 bar, 45°C

0.91

3.30 (0.43)a

3.21 (0.61)b

1315

0.83

0.60

d100 is d-spacing, dp is the pore diameter, St is the specific surface area, vm is the mesopore volume, t is
thickness of silica wall, values in parenthesis are increase in d-spacing a and pore diameter b compared
to unprocessed powder. Maximum standard deviation for d-spacing or pore diameter at any CO2
processing condition < 0.04 nm.

adsorption data for the mesoporous powders were analyzed by the KJS method
(Kelvin equation modified BJH) which uses the high resolution αs-plot method and has
been established previously to accurately analyze pore properties of mesoporous
materials.253 Similar to the d-spacing values, pore diameter, pore volume, and specific
surface area of the silica powders (Table 5.1) increase for all CO2 processed samples
compared to the unprocessed powder and the increase is generally greater at higher CO2
densities. The expansion of the pore diameter and d-spacing with CO2 pressure follow
similar trends; the pore diameter increase with CO2 pressure is most significant in the low
pressure regime (e.g, dp=2.83 nm for gaseous CO2 processing 88 bar relative to dp=2.60
nm for the unprocessed samples). At higher processing pressures the degree of pore
diameter increase with pressure is reduced, with a maximum pore diameter of 3.23 nm
observed at 344 bar. The similarity of the trends in pore size and d-spacing with pressure
is expected. The increase in d-spacing, which comprises both the pore diameter and the
thickness of the silica walls, is dominated by the pore diameter increase due to
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Figure 5.5. Nitrogen sorption isotherm of mesoporous silica powders
templated with HFOPC and processed in CO2 at (a) 88 bar and 45 °C, (b) 103
bar and 45 °C, (c) 137 bar and 45 °C, (d) 172 bar and 45 °C, (e) 258 bar and 45
°C, and (f) 344 bar and 45 °C. Filled symbols are for adsorption and open for
desorption. The y-axis values have been offset for clarity.
solvation of the surfactant tails.

The thickness of the silica walls decreases with CO2

pressure (Table 5.1), which results in a lower d-spacing increase (on a percentage basis)
relative to the pore diameter increase.
Limits of pore expansion by CO2 were observed in our previous study of
fluorinated surfactant templated thin films.245 In that study, increasing CO2 pressure
beyond approximately 100 bar did not lead to further significant increases in pore size.245
In the case of thin films, further pore expansion may be inhibited by the constraining
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effect of the silica matrix fixed to the glass substrate. Alternatively, this phenomena may
reflect trends in solvation of the surfactant tail, analogous to the leveling off of CO2
swelling of polymers with increasing pressure.279,280 For example, CO2 uptake in the
polypropylene oxide core of a P123 liquid crystal phase is most pronounced at pressures
up to 100 bar and then increases only slightly with increasing pressure.75 CO2 solubility
in bulk polymers such as polystyrene279,281 and polybutadiene282 is generally
characterized by an ‘S’ shaped isotherm; CO2 sorption increases uniformly up to the
inflection point near the critical pressure of CO2 (~ 80 bar) and then increase only slightly
at higher pressures. However, for polymers such as poly(methylmethacrylate)
(PMMA)282 and poly-(dimethylsiloxane) (PDMS),231 which exhibit specific favorable
interactions and high miscibility with CO2, CO2 sorption is significant not only below the
CO2 critical pressure but also increases at a substantial rate above the critical pressure.
This trend is a characteristic of the good solvent quality of CO2 for PMMA and
PDMS.231,282 Hence, the pore expansion trend in the current study (considerable
expansion below 100 bar and a lesser, yet significant, increase with pressure at higher
pressures) is consistent with the miscibility of fluorocarbons tails with CO2, similar to
PMMA and PDMS.
Figure 5.6 compares the pore expansion of silica powders in the current study
templated with HFOPC with that observed for acid catalyzed films, also synthesized with
the same fluorinated surfactant template at comparable CO2 processing densities. The
similarity of the expansion trends for powder precipitation and thin film synthesis again
suggests that surfactant tail solvation, and not the constraining effect of the glass
substrate on the thin films, dominate the observed pore expansion. Although the pore
expansion trends with CO2 pressure are alike for silica thin film synthesis and particle
precipitation, the percentage pore expansion at a given CO2 processing condition is less
for the silica powders compared to the films (Fig 5.6). For example, the pore diameters
of the silica powder increases 20% compared to a 42% increase in the thin films
processed in CO2 at 172 bar and 45˚C. However, the absolute pore diameter of the films
is always less compared to the powder at the same CO2 processing condition (e.g. 3.12
nm for base catalyzed powders compared to 2.71 nm for the films for CO2 processing at
172 bar274).
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Figure 5.6. Percentage increase of pore diameter of HFOPC
templated acid-catalyzed films and base-catalyzed powders as a
function of CO2 density.

The effect of pH on self-assembly, sol gel reactions, hydrolysis and condensation
may explain this difference in pore expansion and absolute pore diameter between acid
and base catalyzed samples after CO2 processing. In acid catalyzed film synthesis, the
silica is neutral or slightly positively charged, which is expected to lower the aggregation
number in the cationic micelles relative to the negatively charged silica present in base
catalyzed synthesis and lead to a smaller pore diameter in acid catalyzed system. This
effect is observed in HFOPC templated silica; the pore diameter for the unprocessed acid
catalyzed film is 1.91 nm compared to 2.60 nm for base catalyzed powders.274 CO2
processing of an acid catalyzed film is not expected to significantly change the pH of the
system; aqueous dispersions of CO2 is acidic with pH ~ 3.277 Hence, pore expansion in
acid catalyzed systems in the presence of CO2 is attributed to surfactant solvation by
CO2. In the case of a base catalyzed system, CO2 processing may decrease the pH of the
system, but the pH is expected to remain well above 3.278 The CO2-based reduction in pH
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would compete with the CO2-activated expansion of the pores by lowering the
aggregation number in the micelles (decreasing the pore diameter).
In addition, CO2-activated pore expansion in the acid-catalyzed films occurs
during the modulable steady state (MSS)274 when the pore structure can still be changed
by external forces. The rate of silica condensation is dependent on system pH and is
lowest at the isoelectric point of silica (pH ~ 2). Hence, MSS is significantly extended in
acidic conditions. However, the base-catalyzed powders experience significant silica
condensation prior to CO2 processing, as demonstrated by the effect of aging time on
CO2 expansion behavior. As discussed above, pH of the base catalyzed system will
always be higher than the acid catalyzed films at all CO2 processing conditions. The
increased condensation associated with the higher pH has the effect of restricting pore
expansion.
Capturing the kinetically stable structures formed by the pore expansion of
templated mesoporous materials has potential for the ex-situ characterization of CO2
solvation in surfactant aggregates. Understanding and tuning surfactant tail solvation in
CO2 provides insight into the formation CO2 based microemulsions, emulsions,
nanocrystals dispersion, systems which have diverse applications in organic and
enzymatic reactions,51,61 extraction,249 and the semiconductor industry.283 However, the
effect of pH on self-assembly, in addition to CO2 solvation, must also be considered.

5.5 Conclusions
Mesoporous silica powders with tailored pore sizes were synthesized in a base
catalyzed system by combining the favorable solvation of ‘CO2-philic’ fluorinated
surfactant tail by CO2 with the pressure tunable solvent strength of supercritical CO2. The
long range order of the mesoporous powders was retained after the pore expansion, a
significant advantage over some previous investigations using traditional organic solvents
for expansion of base catalyzed silica powders. The pore expansion trends in the
mesoporous materials can be interpreted from knowledge of CO2 penetration in
surfactants and polymer. However, the important role of pH in self-assembly and sol-gel
reaction kinetics is also evident from a comparison of the CO2 pore expansion behavior
of acid-catalyzed thin films and base-catalyzed silica powders.
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The demonstration of CO2 processing of base catalyzed silica powders suggests
applications in addition to pore expansion. Sc CO2 has been used to load and encapsulate
drugs into polymers and nanoparticles,284-286 as well as load small solute molecules in
mesoporous silica,287 while sc CO2 has also been used in drug delivery applications.288
The release rate of solutes (e.g., drugs such as ibuprofen) from mesoporous silica can be
tailored with pore size.146 The potential exists to combine CO2-based impregnation of
mesoporous silica and pore tailoring to control solute release. Alternatively, CO2
processing may be used to vary the pH to near-neutral conditions during the synthesis of
mesoporous silica powders, an approach which may be more amenable to the
incorporation of biomolecules,289 and the adsorption and extraction of metal ions and
ionizable species.290,291

Copyright © Kaustav Ghosh 2007
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CHAPTER SIX

SUPERCRITICAL CARBON DIOXIDE SWELLING OF FLUORINATED AND
HYDROCARBON SURFACTANT TEMPLATES IN MESOPOROUS SILICA
THIN FILMS

6.1 Summary
Differences in the pore expansion behavior of mesoporous silica thin films
templated by cationic fluorinated and hydrocarbon surfactants are used to interpret the
penetration of CO2 in straight chain fluorinated and hydrocarbon surfactant micelles.
Well-ordered silica thin films are synthesized using cationic surfactants with pyridinium
head groups and surfactant tails terminating in an 8-carbon fluorocarbon tail (1, 2 perfluorohexylethyl pyridinium chloride (HFOPC)), a 16-carbon hydrocarbon tail (cetyl
pyridinium bromide

(CPB), and a 16-carbon partially fluorinated tail (1-

(11,11,12,12,13,13,14,14,15,15,16,16,16-tridecafluoro-cetyl)-pyridinium
(HFCPB).

bromide

The high hydrophobicity of the terminal fluorinated segment affects the

wetting behavior of solutions of HFOPC and HFCPB dip coating solutions on the
hydrophilic glass substrate, resulting in slightly non-uniform thin films. CO2 processing
(69 – 172 bar, 25 °C and 45 °C) immediately after coating of the films results in
significant pore expansion for films templated with both fluorinated surfactants. The
absolute magnitude of pore expansion is similar for material templated with both HFOPC
and HFCPB, which have differing tail length but contains the same number of
fluorocarbon groups in their tail. The percentage pore expansion is significantly greater
for HFOPC templated silica, which has a higher percentage of fluorocarbon groups
compared to HFCPB. Alternatively, pore expansion of the hydrocarbon templated
material is negligible at the CO2 pressures investigated in this study. The significant and
preferential penetration of CO2 in the ‘CO2-philic’ regions of a surfactant tail suggests
opportunities to tailor the delivery of CO2 and solutes dissolved in CO2 to specific
regions of a surfactant aggregates or surfactant templated material.
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6.2 Introduction
Supercritical (sc) and compressed CO2 processing has been recently been shown
to be useful for tailoring the pore structure of surfactant templated nanoporous silica as a
function of CO2 processing conditions.

75,245,274

The advantageous properties of sc CO2

for pore tailoring include high diffusivity, a low surface tension, and tunable solvent
strength. These properties allow for the rapid CO2 penetration in the tail of the surfactant
templates, negligible pore collapse of the nanometer sized pores during depressurization
and control of pore expansion by choice of CO2 temperature and pressure. Compressed
CO2 is a nontoxic, nonflammable, inexpensive and environmentally friendly alternative
to traditional organic solvents. These attractive solvent properties have resulted in the use
of CO2-based surfactant aggregates (emulsions, microemulsions and dispersions) in a
broad range of applications including chemical and enzymatic reactions, 51,61 extraction,
249

nanoparticle syntheses47,48,250 and microelectronic processing.53 A limitation of this

approach is the ineffective stabilization of water/CO2 microemulsions65 or nanocrystal
dispersions in CO2292 by most hydrocarbon surfactants; the low polarizability of CO2
leads to weaker solvation of the hydrocarbon tails by CO2 relative to organic solvents.
Investigations of CO2-based self assemblies at low surfactant concentrations (i.e.,
emulsions, microemulsions and monolayers)69,70,225,251,293 have resulted in the design of
surfactant systems with favorable CO2 interactions. In contrast to most hydrocarbonbased surfactants, 65 fluorinated surfactants are termed ‘CO2-philic’ based on their high
solubility in CO274,224 ‘CO2-philic’ surfactants are characterized by their ability to form
water-in-CO2 microemulsions with significant CO2 penetration in the fluorinated tails.
64,70,225,226

Compared to analogous hydrocarbon surfactants, the higher hydrophobicity of

fluorinated surfactants results in easier self-assembly in water and the large van der
Waals radius of fluorine leads to aggregates of lower curvature compared to hydrocarbon
surfactants,

including

novel

intermediate

mesophases.113,115,229,294,295

Fluorinated

surfactants have been recently used as templates for synthesis of mesoporous silica
powders.31,76,294,296 The advantages of fluorinated surfactant templates have also been
explored in mesoporous thin films,245 where low surface energy and high hydrophobicity
present challenges in wetting during coating
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CO2-based pore expansion of surfactant templated mesoporous silica is
hypothesized to occur through the CO2 solvation of the ‘CO2-philic’ surfactant templates
and subsequent capture of the swelling by silica condensation. Hence, pore expansion can
potentially be used as an ex-situ technique to study CO2 penetration in surfactant
mesophases. Indeed, pore expansion of hydrocarbon copolymer (Pluronic surfactant,
P123) templated mesoporous silica powders was interpreted from CO2 solvation of P123
liquid crystal and CO2 solubility in the PPO polymer, as measured by SANS.75 CO2 based
swelling of fluorinated templates in mesoporous silica films have been correlated with
CO2 penetration in surfactant tails, as interpreted from the interfacial behavior of the
surfactants.245 Similarly, the pore expansion of fluorinated surfactant templated silica
powders mirrored the trend of CO2 swelling observed previously for surfactant tails and
polymers, even up to pressures in excess of 340 bar.297
The dependence of pore expansion on CO2 solvation of surfactant templates
suggest opportunities to tailor pore expansion by systematically varying template
properties from ‘CO2-philic’ to ‘non CO2-philic’. Molecular simulation have indicated
greater CO2 interaction with fluorocarbon groups (CF2) compared to hydrocarbon groups
(CH2).298,299 In simulations of both water-in-CO2 microemulsions300 and surfactant
monolayers at water-CO2 interfaces,70 CO2 solvates the fluorinated tail group throughout
the fluorocarbon chain.

Fluorinated solvents also demonstrated greater volume

expansion by pressurized CO2 compared to hydrocarbon solvents.256 The existence of
specific interactions between fluorinated groups and CO2 have been demonstrated using
NMR investigations301 (between C6F14 and CO2) and ab-initio studies (C2F6 and CO2).32
However, other NMR (for CHF3 and CO2)303 and molecular modeling studies (of
perfluorinated compounds)304 have reported contradictory results and suggest no specific
interactions between fluorocarbon groups and CO2. Recent simulations also suggested
similar CO2 penetration in analogous hydrocarbon and fluorinated surfactants.234 Few
investigations have addressed CO2 processing in concentrated surfactant mesophases.75
CO2-based pore expansion of fluorinated and hydrocarbon templated silica provides for
the experimental comparison of CO2 solvation of fluorocarbon and hydrocarbon micelles,
as captured by the silica structure formed from the concentrated surfactant solutions.
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This chapter describes the synthesis of mesoporous silica thin films using three
fluorinated and hydrocarbon surfactant templates, HFOPC, HFCPB and CPB (Figure 6.1)
and the subsequent processing of these films in gaseous and sc CO2. The surfactant
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Figure 6.1. Schematic of cetyl pyridinium bromide and perfluoroalkylpyridinium
halide surfactants

system is designed to provide a comparison of pore expansion behavior based on the
hydrocarbon and fluorocarbon segments of the surfactant tail. The relative CO2
penetration of the hydrocarbon (CH2) and fluorocarbon (CF2) groups in concentrated
surfactant mesophases is investigated by comparing the pore expansion behavior of two
surfactants containing a 16 carbon chain length tail: a traditional hydrocarbon surfactant
(CPB) and a partially fluorinated surfactant containing both fluorocarbon and
hydrocarbon segments (HFCPB; -(CH2)10(CF2)5CF3) The two fluorinated templates
investigated (HFOPC and HFCPB) have the same number of fluorocarbon groups, but
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differing number of CH2 groups. Absolute differences in the pore expansion between
these two templates are due to difference in CO2 uptake by the hydrocarbon (CH2)
groups. Thin films are obtained for all three templates by dip-coating solutions on glass
substrates. For the fluorinated templates, HFOPC and HFCPB, thin films are also
successfully

coated

on

low

energy

fluorinated

silane

(1H,

1H,

2H,

2H

perfluorodecyltrichlorosilane (FDTS)) modified glass substrates. The relative ‘CO2philicity’ of fluorocarbon and hydrocarbon groups is interpreted from the cohesive
energy density and fractional free volume164 of each surfactant template.

6.3Materials and Methods
6.3.1 Materials. The fluorinated surfactants (1, 2 - perfluorohexylethyl pyridinium
chloride

(HFOPC;

C6F13(CH2)2NC5H5+

Cl-),

and

(11,11,12,12,13,13,14,14,15,15,16,16,16-Tridecafluoro-cetyl)-pyridinium

1bromide

(HFCPB; C6F13(CH2)10NC5H5+ Br-) were synthesized as described previously.80,274 The
purity of both surfactants were confirmed by mass spectrometry and melting point
measurements. Cetyl pyridinium bromide (CPB) was obtained from Aldrich.
Tetraethoxysilane

(TEOS,

purity

>

99%)

and

1H,

1H,

2H,

2H

perfluorodecyltrichlorosilane (FDTS) was purchased from Gelest. Absolute ethyl alcohol
purchased from Aaper Alcohol and Chemical Co. (Shelbyville, KY), anhydrous toluene
and deionized ultrafiltered water from Fisher Scientific and hydrochloric acid (0.1 N
standardized solution) obtained from Alfa Aesar were used for thin film synthesis.
Carbon dioxide (Coleman grade, 99.99+%) was purchased from Scott Gross Co.
(Lexington, KY). Concentrated aqueous HCl (Fisher Scientific) was used for surfactant
extraction.
6.3.2 Substrate Preparation.

Glass slides were cleaned by immersing them in a

NoChromix/sulfuric acid cleaning solution for 1 h and then sequentially rinsed in water,
isopropanol and acetone. For fluorinated silane modification of the glass slides, FDTS
was added to anhydrous toluene in an atmosphere of nitrogen to achieve a final
concentration of 2 wt% FDTS. The clean glass slides were immersed in the solution for 5
min. To complete the surface modification, the silylated substrate was then baked at 120
°C for 2 h.

79

6.3.3 Thin Film Synthesis. Thin porous silica films were synthesized by dip coating on
pretreated substrates based on the procedure of Lu et al.26 Initially, TEOS, ethanol, water
and HCl (mole ratio 1: 3.8: 1: 5*10-5) were refluxed at 65 °C for 90 minutes and a clear
solution of partially hydrolyzed silica was formed. The remaining water and HCl were
then added in calculated quantities, resulting in a pH of approximately 2 in the final
solution, and the mixture was aged at 25 °C for 15 min and then at 50 °C for an additional
15 min. Finally, a solution of the surfactant in ethanol was added to the previously
hydrolyzed silica sol under constant stirring. The final mole ratios obtained were 1 TEOS
: 12 C2H5OH : 5 H2O : 0.004 HCl : x surfactant (x depending on the surfactant). The
surfactant mole ratio in the dip-coating solution (x) was determined by selecting the
mesophase corresponding to the desired pore structure in the surfactant/water phase
diagram and equating the surfactant volume fraction in the silica dip coating solution to
that in the film after removal of the volatile solvents.245,257 To obtain a 2D hexagonal
mesostructure, x was calculated to be 0.1 for CPB, 0.14 for HFCPB and 0.2 for HFOPC.
The solution was then dip-coated on to the substrates at a withdrawl speed of 6 cm/min.
The thin films were divided into two treatment groups immediately after coating.
One treatment group of thin films was pressurized by CO2 in a 100 ml stainless steel Parr
Mini Reactor (rated to 623 K and 207 bar) under controlled temperature and pressure for
48 hours. The effects of CO2 pressure (69 to 172 bar) and temperature (25 °C or 45 °C)
on the final pore structure were observed. The second treatment group of thin films,
which was not processed in CO2, was dried in an oven at 25 °C or 45 °C for 48 hours.
Thus, both treatments of thin films were subject to similar thermal conditions. Both
treatment groups were next heated to 150 °C in vacuum (starting at 30 °C and ramping
the oven temperature by 5 °C/hr) to ensure condensation of the silica wall. The surfactant
was then extracted from the as-synthesized films by washing twice with acidic ethanol (5
ml of concentrated HCl in 45 ml of EtOH).
6.3.4 Thin Film Characterization. The thickness and uniformity of each film on glass
and FDTS modified glass substrates were estimated using a Dektak 6M Stylus
profilometer with a diamond stylus. X-ray diffraction patterns were recorded on a
Siemens 5000 diffractometer using Cu K radiation (λ = 1.54098 Å) and a graphite
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monochromator. Transmission electron microscope (TEM) images were taken with a
JEOL 2000FX instrument operating at 200 kV. TEM samples were prepared by scraping
the films off the glass substrate and directly depositing them onto a lacey carbon grid.
The pore diameters were calculated from the TEM images using ImageJ software, as
reported previously.230,274 Nitrogen sorption measurements were performed on the thin
film samples which did not undergo CO2 processing using a Micromeritics Tristar 3000
system. Samples for nitrogen sorption analysis were prepared by scraping the films off
the glass substrate and degassing at 140 °C for 4 hours under flowing nitrogen prior to
measurement.
6.3.5 Contact angle measurement. Contact angles of CPB- and HFOPC-based silica
dip-coating solutions were measured on glass and FDTS modified glass substrates to
interpret the wetting behavior of each solution. The contact angles were obtained using a
video-based contact angle system (OCA, Future Digital Scientific Co., Bethpage, NY).
All experiments were performed in air at temperatures of approximately 23 °C. Sessile
drops (1 µL) of each liquid were dispensed and placed on the solid substrates. An image
of the drop was taken immediately after placing the drop on the substrate; contact angles
on both left and right sides were measured to obtain the initial contact angle. The contact
angle measurement was repeated at 10 different areas on each substrate and an average
value is reported. The spreading of the drops was also observed and the time for complete
spreading was recorded. If a drop did not spread completely after 240 seconds, the
solvent was identified to be unsuitable for complete spreading on that particular substrate.
6.4 Results and Discussion
6.4.1 Synthesis of Uniform Silica Thin Films by Fluorinated and Hydrocarbon
Templates.
The swelling of fluorinated surfactant templates by CO2 has the potential to alter
both the pore structure (i.e., hexagonal, cubic, intermediate, slit-shaped) and pore size of
thin silica films. Our research team has synthesized fluorinated surfactant templated
porous silica powders with a broad range of structures including hexagonal,31 novel
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‘intermediate’ mesh phase structures31 and novel fluoro-functionalized silica for
application in chromatography columns and gas adsorbents77

The synthesis of 2D

hexagonally ordered silica thin films using a series of perfluoroalkyl pyridinium chloride
surfactants (including HFOPC) as templates has also been demonstrated.274
In the synthesis of dip-coated films, the difference in hydrophobic nature between
fluorinated and hydrocarbon templates has the potential to cause variation in film
uniformity as a function of template. Uniform thin films have been coated on glass
substrates from solutions of silica precursor, hydrocarbon surfactant and a good wetting
agent like ethanol.26 However, the greater hydrophobicity of fluorinated surfactants has
been observed to cause lower surfactant adsorption on glass substrates during dip coating,
resulting in partial dewetting. Indeed, uniform spreading of fluoropolymers and
fluorinated solvents or strong adhesion of fluoropolymer film on hydrophilic glass
substrates is not possible.305,306 A competing property which may enhance thin film
uniformity and quality is the very low surface tension of the fluorinated surfactant based
coating solution, which is associated with decreased liquid hold-up on the film edges and
lower capillary pressure and may prevent the collapse of materials during solvent
evaporation.307,308 The low surface tension of fluorinated solutions also makes them
suitable in coating low energy substrates, as demonstrated by fluoropolymer coatings in
optical309 and lubrication applications.310
The uniformity of silica thin films templated from fluorinated surfactant solutions
are interpreted from the wetting properties of the coating solution as a function of
substrate hydrophobicity.

Contact angle measurements for CPB and HFOPC based

solutions on different substrates are summarized in Table 6.1. The low surface tension of
ethanol and the strong adsorption of CPB on glass result in complete wetting of the
hydrocarbon surfactant CPB based solution on the unmodified glass substrate. In
contrast, the initial contact angle is 20° for the HFOPC based solution on glass substrate,
due to slower adsorption of the more hydrophobic fluorinated surfactant, but complete
wetting is achieved in about 20 s. During dip coating, the contact angle is reduced
relative to that obtained from sessile drops on substrates.311,312 An optimized dip coating
speed balances the need for a low contact angle to entrain the film on the substrate
(enhanced by increasing the speed) and sufficient time to allow for the spreading of the
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solution on the substrate (as suggested by the finite time (~ 20 s) required by the sessile
drop to completely spread on glass substrate). An optimized coating speed of 6 cm/min
Table 6.1: Average contact angle measurements of CPB and HFOPC based solutions
on glass and FDTS modified substrate

Substrate
Glass

FDTS modified
glass

Surfactant Template Initial Contact Anglea
Solution
CPB
Complete spreading

Spreading timea
-

HFOPC

20° (0.024)

20 s (0.031)

CPB

70° (0.025)

No spreading

HFOPC

60° (0.027)

30 s (0.033)

a

Values in the parenthesis are standard deviations of contact angle and spreading
times obtained from ten different drops on various regions of the same substrate.
results in fluorinated surfactant (HFOPC) templated films with very slight non-

uniformity, as indicated by the presence of small droplets in a few regions in the film.
The formation of such droplets and loss of uniformity has been observed previously and
is associated with the dewetting of apolar liquid films (e.g., polystyrene) on
silicon313,314or coating sol-gel silica films using a hydrophobic surfactant template, SPAN
20, as compared to a more hydrophilic template, TWEEN 20.315
On FDTS modified glass substrate, the HFOPC based silica solution forms an
initial contact angle of 60°, consistent with the extremely low energy of the surface.
However, the favorable interaction of the fluorinated surfactants with the fluorocarbon
backbone of the silane facilitates complete spreading in about 30 s. The ability of the
solution to completely spread on FDTS modified substrate within a brief period of time
(< 30 s) translates to the synthesis of dip-coated HFOPC templated thin films with slight
non-uniformity on a chemically similar substrate. For CPB solution, the initial contact
angle on FDTS modified substrate is 70°, similar to HFOPC solution on the same
substrate. However, CPB is not fluorophilic and demonstrates no specific favorable
interactions with the fluorinated groups of FDTS. Also, the higher surface tension of CPB
compared to HFOPC results in a lesser CPB adsorption at the sol-substrate interface.
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Hence, complete spreading of CPB solution is never achieved on the FDTS modified
substrates and leads to the inability in coating CPB templated thin films on FDTS
modified substrates.
CPB templated films dip coated on glass substrate are uniform with a thickness
around 200 nm (± 20 nm) for the coating speed of 6 cm/m used in this study. However, at
the substrate edges, the thickness for the CPB templated film increases to about 1000 nm
(± 20 nm) because of high liquid hold up on edges. On a similar glass substrate, thickness
HFOPC templated film is about 150 nm (± 20 nm) at coating speed of 6 cm/m. The edge
thickness is only about 300 nm (± 20 nm) and is much smaller than that for CPB films
due to the fact that the lower surface tension of HFOPC solution decreases liquid hold up
on edges and makes the film thickness more uniform throughout. The thickness and
uniformity of films dip-coated with the fluorinated/hydrocarbon segmented template,
HFCPB, are very similar to films templated with HFOPC. The similarity in coating
indicates that the wetting property of the surfactant solutions is governed by the terminal
fluorocarbon groups.
The pore structure of the mesoporous silica thin films synthesized with all three
templates (HFOPC, HFCPB, CPB) without CO2 processing is confirmed to be a well
ordered 2D hexagonal structure from XRD plots (Figure 6.2) and TEM images (Figure

Intensity (arb units)

6.3). The XRD patterns for HFCPBC templated thin film (Fig. 6.2a) and CPB templated
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Figure 6. 2. XRD patterns of thin films prepared without CO2
processing templated with (a) HFCPC (b) HFOPC and (c) CPB
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films (Fig. 6.2b) after surfactant extraction show the presence of two peaks that can be
indexed to the (100) and the (200) reflection of hexagonally ordered structure with
parallel orientation of the cylindrical channels.145 The presence of (100) and (200) peaks
can also be indicative of lamellar ordering; however for the porous materials a lamellar
structure would have been destroyed after surfactant removal. Representative TEM
images of HFCPB templated film (Fig. 6.3a) and CPB templated film (Fig 6.3b) showing
cross-sectional views of the hexagonal channels confirm the presence of well-ordered 2D
hexagonal structure. The presence of one sharp peak in the XRD plot of HFOPC
templated thin film (Fig. 6.2c) indicates an ordered porous materials, This structure is
determined to be 2D hexagonal from TEM images of the HFOPC templated film (Fig.
6.3c) .
The orientation and order are similar for films templated with both 16-carbon
chain length surfactants (the fluorinated/hydrocarbon segmented HFCPB and the
hydrocarbon CPB). However, the d-spacing of the HFCPB templated film (4.6 nm) is
considerably larger than that of the CPB templated film (4.1 nm). The d-spacing value is
dominated by a combination of the template micelle size and the thickness of the silica
walls (t). The wall thickness (t) is calculated from the values of d-spacing (d) and pore
diameter (p, Table 1) by using t = (2/√3)*d – p. Films templated by both the hydrocarbon
surfactant, CPB and the fluorinated/hydrocarbon segmented surfactant, HFCPB have a
similar silica wall thickness (~ 1.1 nm) before CO2 processing. However, the larger van
der Waals radius of fluorine compared to hydrogen results in the cylindrical fluorinated
micelle having a larger diameter than a hydrocarbon micelle, even when both tails have
same number of carbon atoms,115 which results in the greater d-spacing value for the
HFCPB templated film compared to the CPB templated film. The d-spacing for films
templated with the shorter chain fluorinated surfactant, HFOPC, is significantly less (2.48
nm) than that of HFCPB and CPB. The d-spacing for mesoporous silica synthesized in
an acid-catalyzed medium is not significantly dependent on variation of template
counterion from Br- to Cl- as demonstrated in a previous study for two hydrocarbon
templates, cetyl pyridnium chloride (CPC) and CPB.316 Hence, the decreased d-spacing
of HFOPC templated film compared to HFCPB and CPB is mainly due to the presence of
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Figure 6.3. TEM micrographs of thin films templated with (a) HFCPC, (b) CPB
and (c) HFOPC and (d) HFCPC and processed in CO2 at 172 bar and 45°C, (e)
CPB and processed in CO2 at 172 bar and 45°C and (f) HFOPC and processed in
CO2 at 172 bar and 45°C
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only 8 carbon atoms in the HFOPC tail compared to 16 carbons in both HFCPB
and CPB.
The pore diameter for films calculated directly from the TEM images using
ImageJ software,230 is estimated to be 4.23 nm (± 0.25 nm) for HFCPBC templated film,
1.91 nm (± 0.22 nm) for HFOPC templated film, and 3.64 nm (± 0.13 nm) for CPB
templated film.

The pore diameters obtained from TEM images are verified using

nitrogen sorption measurements for the films not processed in CO2. The resulting pore
diameters (4.28 nm for HFCPB templated film, 1.91 nm for HFOPC templated film, and
3.70 nm for CPB) compare favorably with the direct measurements from TEM images.
The pore size, which is also dictated by the size of the surfactant micelle, follows the dspacing trends.
Similar ordering and orientation are also observed for films templated with
terminal surfactants with fluorinated segments ((HFOPC and HFCPC) that were coated
on the fluorocarbon-modified glass substrate. This is consistent with simulation studies,
which have demonstrated that the orientation and ordering of hydrocarbon templated
silica films is preserved when the substrates are changed from hydrophilic glass to a
complete hydrophobic hydrocarbon silane modified surface.317 For the hydrophilic glass
substrate, the –OH groups of the substrate interact strongly with surfactant headgroup,
aligning the channels parallel to the substrate. At the surface of a hydrophobic substrate,
the hydrophobic functionalities interact preferentially with the hydrophobic tail of the
surfactant to form a monolayer, also resulting in parallel orientation of the channels. The
synthesis of hydrocarbon copolymer (P123) templated silica films has been investigated
on both glass substrates and hydrocarbon silane modified substrates.29 For both
substrates, synthesized films demonstrated similar 2D hexagonal structure with parallel
orientation of porous channels.
6.4.2 Effects of CO2 Processing on Thin Film Structure
CO2 based pore expansion of surfactant templated materials has previously been
demonstrated to occur via CO2 uptake in the template tails to increase the radius of the
self-assembled micelles.75,297 Silica condensation captures this change in self-assembly
and subsequent characterization of mesoporous structure after CO2 processing can be
directly correlated to degree of CO2 solvation of surfactant tail. The series of surfactant
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Figure 4. XRD spectra of thin films templated with (i) HFCPB and (ii) CPB and (a)
not processed in CO2, (b) processed in CO2 at 69 bar and 45 °C, (c) processed in CO2
at 103 bar and 45 °C, (d) processed in CO2 at 137 bar and 45 °C, and (e) processed in
CO2 at 172 bar and 45 °C.

templates (HFOPC, HFCPB, and CPB) allows for the systematic study of the
solvation of hydrocarbon and fluorocarbon segments in concentrated surfactant
mesophases by CO2 and the localization of CO2 in these templates.
The swelling of CO2-philic surfactant segments as a function of CO2 processing
can be directly related to differences in the pore expansion behavior of films templated
with the 16 carbon chain length surfactants, the partially fluorinated HFCPB and its
hydrocarbon analogue, CPB. XRD plots of the HFCPB and CPB templated films after
surfactant extraction are used to directly measure increases in d-spacing as a function of
CO2 processing conditions. For both templates and at all conditions of CO2 processing,
XRD plots show the presence of at least one sharp peak corresponding to the (100)
reflection, indicating that the hexagonal ordering of the films is preserved. A significant
increase in d-spacing is observed for films templated with the fluorinated surfactant,
HFCPB (Fig. 6.4a) at all conditions of CO2 processing compared to unprocessed film.
The maximum value of d-spacing obtained was 5.26 nm for CO2 processing at 172 bar
and 45°C and represented a 14.3 % expansion compared to the d-spacing of the
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unprocessed film (4.6 nm). In contrast, thin films templated with the hydrocarbon
analogue, CPB, did not show any significant increase in d-spacing at any CO2 processing
conditions (Fig. 6.4b). The d-spacing varied between 4.1 nm for unprocessed film to
only 4.2 nm to film processed in CO2 at 172 bar and 45°C (2.4% expansion). However,
the change in d-spacing values was random as a function of CO2 pressure and probably
reflects experimental error rather than demonstrating any CO2 based solvation of CPB
template.
TEM images confirm the long range order after CO2 processing for thin films
templated with all three surfactants (representative images in Fig. 6.3). The pore
diameters measured directly from TEM images at all conditions of CO2 processing are
presented in Table 6.2 and are also used to calculate the percentage pore expansion for
films templated with all three surfactants as a function of CO2 density (Fig. 6.5). At a
constant temperature, density rather than pressure is the more physically relevant variable
to describe CO2 solvent strength. For films templated with the surfactant containing
fluorinated/hydrocarbon segments, HFCPB, the pore diameter increases as much as 23%
at the highest CO2 density investigated (ρCO2 = 0.8 g/ml). Alternatively, films templated
with the corresponding hydrocarbon surfactant, CPB demonstrate insignificant change in
pore size for CO2 densities up to 0.8 g/ml (Fig.6. 5); the absolute pore size varied from
3.64 nm to 3.76 nm (Table 6.2). The small variation is within the experimental error of
estimating pore diameter from TEM images (Table 6.1) and suggests negligible CO2
solvation of the hydrocarbon (CH2) groups in concentrated surfactant mesophases. In
contrast, the significant increase in d-spacing (Fig.6.4a) and the pore diameter (from 4.23
nm to 5.21 nm, Table 6.2) of films templated with the HFCPB provides evidence for CO2
solvation of the fluorocarbon (CF2) groups compared to CH2 groups in surfactant systems
at low concentrations. For example, an ionic fluorinated surfactant (perfluoropolyether)
was shown to be completely miscible with CO2318 whereas the solubility of a
corresponding hydrocarbon poly(propylene) oxide was only 0.5 wt% at pressure up to
207 bar.319
The ability of CO2 to selectively solvate ‘CO2-philic’ regions in surfactant
mesophases is investigated by comparing pore expansion between films templated with a
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fluorocarbon/hydrocarbon segments, HFCPC (- (CH2)10(CF2)5CF3) containing different
percentages of ‘CO2-philic’ fluorocarbon segments. The two surfactants have the same
number of fluorocarbon groups, but differing number of hydrocarbon groups. Therefore
difference in the absolute value of the pore expansion are related to CO2 solvation of
hydrocarbon (CH2) groups.
The pore diameter for films templated with the shorter fluorinated surfactant,
HFOPC (8 chain length) increases from 1.91 nm for the unprocessed sample to 2.78 nm
for CO2 processed films at 172 bar and 45 °C. At similar conditions, the pore diameter
for the film templated with the longer fluorinated surfactant, HFCPC (16 chain length) is
much larger and increases from 4.23 nm to 5.21 nm for CO2 processing at 172 bar and
45°C. However, the absolute magnitude of pore expansion is quite similar at the same
CO2 conditions (within 0.1 nm, Table 6.2) for films templated with both templates. The
similar magnitude of pore expansion provides further evidence for negligible CO2
solvation of the hydrocarbon (CH2) groups. The greater number of hydrocarbon groups
in HFCPB do not result in a significant increase in pore diameter compared to HFOPC.
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Table 6.2: Summary of pore diameter and absolute magnitude of pore expansion for
thin film templated with all three surfactants as a function of CO2 density

CO2processing
conditions

Densit
y of
CO2
(g/ml)
73

Unprocessed
(45°C)
Unprocessed
(25°C)
69 bar and
45°C (gas)
103 bar and
45°C (sc)
137 bar and
45°C (sc)
172 bar and
45°C (sc)
172 bar and
25°C (liq)

0.178
0.544
0.715
0.779
0.894

HFOPC film
Pore
Absolut
diameter
e
a
(nm)
increase
(nm)
1.91
(0.092)
1.90
(0.088)
2.33
0.42
(0.086)
2.58
0.67
(0.098)
2.69
0.78
(0.094)
2.78
0.87
(0.090)
2.76
0.85
(0.094)

HFCPC film
Pore
Absolut
diameter
e
a
(nm)
increas
e (nm)
4.23
(0.084)
4.24
(0.092)
4.75
0.52
(0.086)
5.01
0.78
(0.088)
5.12
0.89
(0.090)
5.21
0.98
(0.092)
5.19
0.96
(0.096)

CPB film
Pore
Absolut
diameter
e
a
(nm)
increase
(nm)
3.64
(0.064)
3.64
(0.060)
3.72
0.08
(0.066)
3.74
0.1
(0.068)
3.74
0.1
(0.064)
3.76
0.12
(0.062)
3.75
0.11
(0.068)

a

Values in the parenthesis are standard deviations of pore diameters obtained from ten
different TEM images of the same sample.
Favorable CO2 swelling occurs primarily in the ‘CO2-philic’ fluorocarbon (CF2) groups
of the surfactant tail, leading to similar swelling behavior in the HFOPC and HFCPB
templated materials, which have an identical number of fluorocarbon groups in their
surfactant tails.
The d-spacing for films templated with the fluorinated surfactant, HFOPC,
increase by 23%, from 2.48 nm for the unprocessed film to 3.06 for CO2 processing at
172 bar and 45°C (results not shown). At similar CO2 processing conditions, HFCPB
templated films undergo a much lesser percentage increase in d-spacing of 14.3%, (Fig.
4(i), from 4.6 nm for the unprocessed film to about 5.26 nm). Similar to increase in dspacing, the percentage of pore expansion is greater for HFOPC templated film compared
to HFCPB templated film at all CO2 conditions. The largest increase in pore diameter
observed for HFOPC templated film is 45.5 % for CO2 processing at 172 bar and 45°C,
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compared to 23.1 % expansion for HFCPB templated films at these conditions. The
greatest percentage increase in pore diameter with increasing CO2 density occurs at low
densities (ρCO2 < 0.2 g/ml) for both of the fluorinated surfactant templated thin films (Fig.
6.5). The pore size continues to increase with CO2 density at the higher densities
investigated (ρCO2 upto 0.8 g/ml); however the magnitude of increase is smaller than that
observed at initial densities.

The greater pore expansion for the template with the larger

percentage of fluorocarbon segments demonstrates preferential CO2 solvation of ‘CO2philic’ segments in the mesophases.
Molecular characteristics of a ‘CO2-phile’ have been demonstrated to be a low
cohesive energy density and flexible geometry with a high free volume.74 The trends of
‘CO2-philicity’ between the three surfactants investigated in this study as measured from
pore expansion is interpreted from molecular geometry arguments. The CO2-philicity was
quantified using the free fractional volume (FFV) paradigm,164 which is a geometric
parameter calculated directly from the surfactant tail geometry and surface coverage of
headgroup. FFV is defined as
FFV = 1 -

Vt
tAh

where Vt is van der Waals volume of surfactant tail, t is the length of the tail in the
optimum gas phase configuration. Ah, the interfacial area per headgroup, is assumed to be
a constant, 100 A°, consistent with most measured headgroup areas in CO2.164 Further, Ah
is expected be similar for all three surfactants investigated in this study (HFCPB,
HFOPC, CPB) and considering a constant value of Ah will not greatly affect the trend of
their relative FFV values. t for each surfactant molecule was calculated from their
optimum configuration using SPARTAN.260 The surfactant molecule was first created in
an all trans configuration in SPARTAN. Molecular mechanics energy minimization was
performed on the molecule by using the classical MMFF94 force field to obtain the
optimum configuration. Finally, t was measured as the distance between the pyridinium
nitrogen atom and the last atom in the surfactant tail and van der Waals volume was
directly reported by SPARTAN. For surfactants having a similar headgroup, a lower FFV
indicates the potential to form a more stable water/CO2 aggregate and greater tail
solvation by CO2.164 The FFV values for the three surfactants in our study decreased from
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CPB (0.79 ) to HFCPC (0.76) and finally to HFOPC (0.67), consistent with increasing
‘CO2-philic’ trend from CPB to HFCPC to HFOPC as determined through pore
expansion studies.
Recently, the diversity of ‘CO2-philic’surfactants has greatly increased beyond
fluorinated molecules to include various hydrocarbon surfactants that demonstrates the
geometrical properties and molecular interactions discussed above for ‘CO2-philes’.
Stubby methylated branched surfactants have stabilized water-in-CO2 emulsions and
microemulsions and also dispersed silver nanoparticles in CO2.163,165,166,169 Bulky
trisiloxane surfactants168 and small oxygenated hydrocarbon surfactants have also been
established as ‘CO2-philes’.73 The ability of compressed CO2 to selectively solvate ‘CO2philic’ regions of mesophases towards tailoring surfactant templated materials can be
potentially extended to include templates containing novel ‘CO2-philic’ groups in specific
regions to synthesize materials with tailored pore size, shape and structure and extend the
general applicability of CO2 processing to include a large number of template systems.
Additionally, the potential also exists of using CO2 towards specific delivery of
molecules to the novel ‘CO2-philic’ regions in templated materials for synthesis of new
functionalized materials.

6.5 Conclusions
Ex-situ characterization of pore expansion due to CO2 processing of surfactant
templated mesoporous silica thin films have been used to compare CO2 solvation of
different functional groups (CF2 and CH2). Pore expansion is insignificant for films
templated with the hydrocarbon surfactant, CPB, at 45°C and CO2 pressures up to 172
bar. In contrast, silica thin films templated with HFCPC, a partially fluorinated analogue
of CPB containing six fluorocarbon groups. demonstrate significant pore expansion,
consistent with significant CO2 solvation of CF2 groups in concentrated surfactant
systems compared to CH2 groups. A comparison of the the pore expansion behavior of
thin films templated with two fluorinated surfactants reveals an increasing extent of pore
expansion with an increasing percentage of ‘CO2-philic’ fluorocarbon groups in the
surfactant tail. These results indicate the preferential solvation by CO2 of ‘CO2-philic’
groups in templates containing both ‘CO2-philic’ and ‘non CO2-philic’ groups. Designing
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templates with specific regions of ‘CO2-philic’ groups may be used to tailor pore
structure and surfactant mesophases, and potentially deliver CO2-soluble substrates to
specific regions of a mesostructure..
In addition, the very low surface tension of the fluorinated surfactant coating
solution resulted in synthesis of mesoporous silica thin films even on low energy
fluorinated silane modified glass substrate. The lower surface tension of the fluorinated
surfactant-silica solution also resulted in significantly less liquid hold-up on the edges
during formation of the dip-coated film. This suggests the applicability of fluorinated
based silica solution in forming coating on porous or high aspect ratio structures or
surfaces with small features or patterns such as microelctromechanical systems (MEMS)
devices.320
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CHAPTER SEVEN
IN-SITU FLUORESCENCE SPECTROSCOPY OF SUPERCRITICAL
CARBON DIOXIDE PROCESSING OF SURFACTANT TEMPLATED
NANO-STRUCTURED SILICA FILMS

7.1 Summary
The local environment and dynamics of compressed carbon dioxide (CO2)
penetration during surfactant templated silica film synthesis is interpreted from the in-situ
fluorescence emission spectra of pyrene (Py) and a modified pyrene probe.

Pyrene

emission in cetyl trimethyl ammonium bromide (CTAB) and cetyl pyridinim bromide
(CPB) templated silica films is monitored immediately after casting and during processing
with gaseous and supercritical (sc) CO2 (17 – 172 bar, 45°C). The solvatochromic emission
spectra of pyrene in CTAB templated films suggest CO2 penetration in both the micelle
interface and its interior. An anchored derivative of pyrene, 1- pyrenehexadecanoic acid
(C16-pyr) (pyrene-(CH2)15COOH), is established for probing CPB films, where the pyrene
moiety is preferentially oriented toward the interior of the micelle, limiting quenching by
the pyridine headgroup of CPB. CO2 penetration occurs in the interior of CPB micelles, as
measured from the degree of fluorescence quenching as a function of CO2 processing
conditions. The fluorescence quenching behavior of derivitized pyrene also indicates
continuous probe mobility in CPB films and demonstrates an increase in the timescale for
silica condensation due to CO2 processing. The mobility of C16-pyr increases with pressure
from gaseous to sc CO2 processing and is greater than 5 h for sc CO2 processing at 172 bar
and 45°C compared to about 25 m for the unprocessed film. The delivery of CO2 and CO2
soluble solutes in CTAB templated films is followed through nonradiative energy transfer
(NRET) measurements and suggests the potential to engineer the pore functionality and
deliver drug and reactant molecules with CO2 processing.

7.2 Introduction
The synthesis of mesoporous silica occurs through a co-assembly process with the
surfactant molecules forming ordered templates and the hydrolyzed silica precursor
associating with the surfactant head group to form the solid silica network.24 Subsequent
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removal of the surfactant results in ordered mesoporous materials with the mesostructure
replicating the surfactant mesophase. Tailoring the pore structure of surfactant templated
materials has been demonstrated to increase the application of such materials.146-148
Traditional methods of achieving pore expansion in surfactant templated silica has involved
the addition of large hydrocarbon solvents (e.g polypropylene oxide, dodecane, mesitylene,
etc.) to the surfactant/silica precursor solution directly during the synthesis of porous silica
to achieve pore expansion through swelling of the micelle core.37-40,243
Supercritical (sc) and compressed CO2 processing has been recently demonstrated
as for the synthesis of tailored mesoporous silica through controlled CO2 based swelling of
the surfactant templates.75,245,274 Sc CO2 is an attractive alternative pore tailoring agent due
to its tunable solvent strength, high diffusivity and low surface tension, which enables
diffusion through the nanometer sized pores while preserving the long range structure.
Compressed CO2 was successfully used to solvate ‘CO2-philic’ fluorinated templates
(perfluoroalkyl pyridinium chloride surfactants with 8-10 fluorinated carbon atoms in the
surfactant tail).274 Pore expansion of up to 80% in the fluorinated surfactant templated
silica thin films were achieved at processing conditions of 172 bar and 45°C.274

In

contrast, CO2 pressures of 482 bar resulted in 54% pore expansion for a much longer
hydrocarbon copolymer template (P123 with 69 propylene oxide (PPO) groups in its tail)
through CO2 uptake in the PPO core.75 Negligible pore expansion was achieved for two
other hydrocarbon surfactant templates, CTAB75 and CPB for processing pressures up to
172 bar as demonstrated in Chapter 6. In Chapter 6, we also demonstrated the ability of
CO2 to selectively solvate ‘CO2-philic’ regions of the mesophase compared to ‘non CO2philic’ areas.
CO2 based alteration of pore structure of fluorinated surfactant templated dip-coated
silica films has been demonstrated to occur during the modulable steady state (MSS) of the
film.274 During this period, which begins a few seconds after sol coating, silica
condensation is in progress but is not sufficient to have formed a highly rigid network.134
MSS is an important stage in the synthesis of dip-coated films because the flexible silica
network allows the final structure to be modified through the application of external
forces.29,134,141,321 Knowledge of the dynamics of CO2 penetration in the surfactant
templated materials and the timescales of silica condensation during CO2 processing can
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potentially be used to optimize pore engineering and functionalization during the extended
MSS period.
The mechanism of penetration and localization of traditional hydrocarbon swelling
agents

in

surfactant

templated

silica

has

been

extensively

investigated

experimentally37,40,153 and also described based on the free energy of mixing.154 Long chain
alkanes (> C8) form an inner core , resulting in an increase in pore diameter, while shorter
alkanes and aromatic hydrocarbons localize directly in tail with no change in micelle
size.40,153 Alternatively, CO2 processing of surfactant mesophases is not well studied, and
have been mostly limited to small angle neutron scattering (SANS).75 In contrast, the CO2
penetration of dilute surfactant aggregates (i.e., CO2-continuous microemulsions and
emulsions) has been investigated more extensively154,157-159 due to their potential
application in enzymatic reactions,61,159 extraction, 51 solublizing metal nanoparticles,47,48,249
metal ions322 and proteins323 and ‘green’ applications of carbon dioxide technology.251
The in situ probing of local environment (i.e., through fluorescent spectroscopy
probes) may provide additional insight into the localization and dynamics of CO2
penetration in surfactant aggregates and mesostructures. Previously, fluorescence
spectroscopy have been used to investigate the synthesis mechanism of surfactant
templated mesoporous ceramics, the change in micelle polarity with addition of additives
during the synthesis, the mobility of various probes in sol-gel silica film from
microviscosity estimations and demonstrate probe accessibility in three regions of a solgel mesotsructured silica film namely the silica framework, the micelle core and the
micelle interface.206,324-330 The solvatochromic behavior of pyrene, in particular, has been
used in-situ to follow the evolution of the final mesostructure through the formation of
intermediates and also the interactions between surfactants and silica precursors.
Pyrene209 and other spectroscopic probe molecules,154,215,277 have also been incorporated
in CO2-continuous solutions of surfactant aggregates and CO2-swollen micelles as
measures of the polarity of their microenvironment.
In extending the use of high pressure fluorescence spectroscopy to the
investigation of the effect of CO2 processing on the mesostructure of templated silica, the
constrained thickness of silica thin films have a clear advantage over templated silica
powders. At less than 500 nm thickness, these films are expected to absorb very little
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intensity of the excitation beam. This advantage has been employed previously in the
investigation of CO2 processing of polymeric thin films. For instance, the local dynamics
of probe systems in thin films in the presence of compressed CO2 has been investigated
by determining the diffusivity of pyrene in polystyrene films using steady state
fluorescence spectroscopy.216 The diffusion coefficients and localization of various
probes in CO2 swollen polymer films have also been investigated in real time by high
pressure fluorescence nonradiative energy transfer (NRET) using pyrene labeled
polystyrene.217
This study extends high pressure fluorescence spectroscopy to the in-situ
investigation of CO2 processing (17 bar – 172 bar, 45°C) of hydrocarbon (CTAB and CPB)
surfactant templated silica thin films. The suitability of the well studied solvatochromic
probe, pyrene, and a pyrene derivative, 1-pyrene hexadecanoic acid (C16-pyr) as probes for
the effect of CO2 processing on CTAB templated films is demonstrated, while only C16-pyr
is suitable to probe the penetration of CO2 in CPB templated silica films. The timescales of
silica condensation are inferred from the probe mobility and the time dependent behavior of
CO2 penetration.

CO2 localization and relative uptake in surfactant templated silica are

determined as a function of processing conditions, and the delivery of a solute dissolved in
CO2 to specific regions in surfactant templated films is demonstrated using fluorescence
nonradiative energy transfer (NRET).

7.3 Materials and Methods
7.3.1 Chemicals. The surfactants cetyltrimethylammonium bromide (CTAB) and
cetylpyridinium bromide (CPB) were obtained from Aldrich and used without further
purification. Tetraethoxysilane (TEOS, purity > 99%) was purchased from Gelest.
Absolute ethyl alcohol purchased from Aaper Alcohol and Chemical Co. (Shelbyville,
KY), deionized ultrafiltered water from Fisher Scientific and hydrochloric acid (0.1 N
standardized solution) obtained from Alfa Aesar were used for thin film synthesis.
Carbon dioxide (Coleman grade, 99.99+%) was purchased from Scott Gross Co.
(Lexington,

KY).

The

fluorescence

probes,

1-pyrenedecanoic

acid

(pyrene-

(CH2)9COOH) (C10-pyr) and 1- pyrenehexadecanoic acid (pyrene-(CH2)15COOH) (C16pyr) (purity 99+%) were purchased from Molecular Probes. Pyrene was obtained from
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Figure 7.1 Schematic of CTAB, CPB, naphthalene and pyrene and its
derivatives
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Sigma (purity ~ 99%) and naphthalene (purity 98+%) from Fisher Scientific. Schematics
of all surfactants and probes are presented in Figure 7.1.
7.3.2 Film Synthesis.

The solution for silica film synthesis was prepared by first

refluxing TEOS, ethanol, water and HCl (mole ratio 1: 3.8: 1: 5*10-5) at 65oC for 90 min
to obtain a clear solution of partially hydrolyzed silica. The remainder of the required
water and HCl were then added in calculated quantities, resulting in a pH of
approximately 2 in the final solution, and the mixture was aged at 25oC for 15 min and
then at 50oC for an additional 15 min. Finally, a solution of the surfactant in ethanol was
added to the previously hydrolyzed silica sol under constant stirring. The final mole ratios
obtained were 1 TEOS : 12 C2H5OH : 5 H2O : 0.004 HCl : x surfactant (x 0.06 for
CTAB26 and 0.1 for CPB). The fluorescence probe (pyrene, C10-pyr or C16-pyr) was then
added to the solution, resulting in a final probe concentration in the dip-coating solution
of 5x10-5 M. 500 µl of the silica solution was dropped on each side of a clean glass slide
and allowed to spread to form a uniform film.
Immediately after coating, the films were divided into two treatment groups. One
treatment group was mounted in a high pressure fluorescence view cell (described
below), either within 5 min after spreading the film solution (brief-aged film) or after
aging the films greater than 25 m (long-aged film). The aging time is defined as the time
period between depositing the solution on the glass slide and the initiating the CO2
processing of the film. CO2 pressure in the view cell was increased at the rate of 15 bar /
min until the pressure reached a desired pressure (17 – 172 bar). Films were maintained
at the desired CO2 pressure at 45°C for up to 24 h, as described in the individual
experiments. Fluorescence spectroscopy was performed on the second treatment group of
films in a low pressure film holder without any CO2 processing.
7.3.3

Atmospheric

measurements

were

Fluorescence
performed

Measurements.

with

a

Varian

Steady
Cary

state

fluorescence

Eclipse

fluorescence

spectrophotometer (Walnut Creek, CA). Surfactant templated silica films were mounted
on the front face of a holder custom designed to fit in a cuvette holder and allow front
face illumination by the excitation beam at an angle of 45°. A xenon pulse lamp was used
as the light source, with an operational wavelength range of 200-900nm (1.5 nm
accuracy; (0.2 nm reproducibility)). Emission spectra of the pyrene or derivatized pyrene
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Fig 7.2 Apparatus for high pressure thin film fluorescence measurements
(C10-pyr and C16-pyr) in the films was obtained by exciting the probe at 334 nm with an
excitation slit width of 5 nm and an emission slit width of 1.5 nm.
7.3.4 High Pressure Fluorescence Spectroscopy. In-situ fluorescence measurements of
compressed CO2 processing of silica film was conducted using a custom-designed film
holder fitted inside a stainless steel variable volume view cell (10-25 mL working
volume, rated to 20.7 MPa) obtained from Thar Technologies (Pittsburgh, PA). The high
pressure cell was mounted within the sample compartment of the Varian Cary Eclipse
fluorescence spectrophotometer (Figure 7.2). The film holder was placed in line with the
quartz windows such that the excitation beam illuminates the film at 45°. The position of
the thin film in the path of the beam was kept constant throughout CO2 pressurization by
using a constant volume of an overburden incompressible fluid (water) separated from
the film holder by an O-ring piston. The temperature of the spectroscopic cell was
controlled using an Omega controller (model CN9000A) with heating tape. CO2 was
deoxygenated by passing it through a high pressure oxygen trap (Alltech, rated to 125
bar) and supplied to the view cell using an Isco syringe pump (Lincoln, NE, model 500D)
.CO2 was deoxygenated to prevent the quenching of the probe. Emission spectra of
pyrene in CTAB templated film and C16-pyr in CPB templated film were obtained at
specific intervals during CO2 processing by exciting the probes at 334 nm.
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Nonradiative Energy Transfer (NRET) at high pressure was measured between
naphthalene (donor) and C16-pyr (acceptor). Naphthalene was dissolved in deoxygenated
CO2 at a fixed concentration of 5*10-5 M and supplied to the view cell using the Isco
syringe pump. C16-pyr labeled CTAB templated films were produced as described above.
With naphthalene present in the system, the sample was excited at 290 nm and
fluorescence spectra were recorded in the wavelength range 300-550 nm. The ratio of the
intensities of C16-pyr fluorescence to naphthalene fluorescence (IP / IN), which is a
measure for NRET efficiency, was calculated from fluorescence intensities at 338 and
376 nm for naphthalene and C16-pyr emission, respectively.

7.4 Results and Discussion
7.4.1 Fluorescence Spectroscopy of Silica Films without CO2 Processing.
Prior to using the fluorescence probe system (pyrene, C10-pyr, C16-pyr) to
investigate the localization and uptake of CO2 in surfactant templated materials, these
applicability of these probes for the thin films templated with the hydrocarbon surfactants
CTAB and CPB is demonstrated. The location of pyrene in CTAB micelles184 has
previously been estimated using its solvatochromic behavior, while the change in
microviscosity and state of surfactant aggregates in CTAB templated silica films330 has
also been probed by pyrene fluorescence. The ratio of the fluorescence intensities of the
vibronic bands of pyrene (intensity ratio of 1st to 3rd band, I1/I3) has also been used to
probe the micropolarity of its local environment both at low pressure184-186 and in
compressed CO2 environments.213,331 The value of the I1/I3 ratio varies from 0.6 for a
non-polar solvent, such as hexane, to 1.8 for an aqueous environment.184
The emission spectrum of pyrene in a CTAB templated film without CO2
processing is presented in Figure 7.3a. The spectrum displays five sharp vibronic bands,
characteristic of pyrene fluorescence at low probe concentration, with an I1/I3 value of
1.4. The value of I1/I3, which is intermediate between that for a polar and a non-polar
solvent environment, indicates the presence of pyrene at the interface of the CTAB
micelle, consistent with previous studies.184,330 Alternatively, excitation of pyrene in a
CPB templated film results in negligible emission intensity (Fig. 7.3b). Similar to CTAB
micelles, pyrene is also expected to be present at the CPB micelle interface. However,
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Fig 7.3. Emission spectra of pyrene in a) CTAB and b) CPB templated
film without CO2 processing

pyrene fluorescence is effectively quenched by the pyridinium head group of CPB at the
interface through electron transfer from the photoexcited state of pyrene to electron
deficient pyridine group, leading to the decreased emission intensity.332,333 In CPB
micelles, quenching of pyrene probes occurs through static quenching, in which the
electron transfer from the excited probe to the nearest pyridine neighbor requires no
pyrene diffusion because of the high local concentration of the quencher.334,335
The modification of pyrene with a carboxylic acid tail is expected to significantly
alter the location of the pyrene moiety in a CTAB or CPB micelle. In the case of sodium
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dodecyl sulfate micelles, the carboxylic acid of these pyrene derivatives associates with
the surfactant head group and the pyrene moiety, which is attached to the hydrocarbon
chain, is present in the micelle interior.336 The orientation of derivatized pyrene in the
micelle interior is a potential advantage of probing CPB templated films, as it limits the
quenching of pyrene by the pyridine head group.
The location of derivatized pyrene C10-pyr (pyrene-(CH2)9COOH) and C16-pyr
(pyrene-(CH2)15COOH) is examined from their emission spectra in non-CO2 processed
silica films templated by CTAB and CPB (Figure 7.4). For CTAB templated film, both
derivatized probes display emission spectra with high intensity (Fig. 7.4 (a & c)). In
contrast, in CPB templated film the intensity of the emission spectra of C10-pyr is
negligible (Fig. 7.4b), while significant emission intensity is observed for the longer
hydrocarbon chain probe, C16-pyr in CPB templated film (Fig. 7.4d). The low intensity
of the shorter hydrocarbon chain probe may be explained by its ability to bend back to the
interface, resulting in quenching due to the proximity of the pyrene moiety and the
pyridinium head group of the surfactant. The localization of pyrene and C10-pyr has been
suggested to be in the same depth in the core of SDS micelles based on their similar
quenching rate constants.336 The location of C10-pyr at the interface was attributed to the
ability of the hydrocarbon chains to bend in a U-shaped conformation toward the
interface. Alternatively, a shorter derivative of pyrene, 1-pyrenebutanoic acid (C4-pyr)
did not favor a bent conformation and the pyrene moiety of C4-pyr was located in the
SDS micelle interior.336
Alternatively, the significant fluorescent intensity of the longer chain C16-pyr in
CPB templated material (Fig 7.4d) is consistent with the pyrene moiety being located in
the interior of the micelle. Increasing the length of the hydrocarbon tail may increase
steric hindrance and limit the pyrene moeity from bending back to the interface.
Favorable interactions between the hydrocarbon chains of identical lengths of C16-pyr
and CPB (16 carbons) have been observed previously for functional group incorporation
in surfactant templated materials77 and may increase incorporation of C16-pyr in the
micelles and localization of the pyrene moiety in the micelle interior of CPB templated
films. While localization and high fluorescent intensities in the CPB templated films are
an advantage of the C16-pyr probe, a disadvantage is the loss of its solvatochromic
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Fig7. 4. Emission spectra of C10-pyr in a) CTAB and b) CPB and C16-pyr in c) CTAB
and d) CPB templated film

emission upon functionalization of pyrene. The solvent dependence emission of pyrene is
a result of solute-solvent dipole-dipole coupling and π-orbital coupling and is dependent
on the symmetry of pyrene,184 which is lost for C16-pyr. However, the location of the
pyrene moiety in the micelle interior for the anchored C16-pyr suggests other applications,
including probing CO2 interactions and CO2 based solute delivery in the micelle interior
as described below.
7.4.2 Timescales of Silica Condensation with CO2 processing.
The period of silica condensation in dip-coated surfactant templated thin film
synthesis is called the modulable steady state (MSS)134 and represents the period when the
silica structure can still be modified by external forces. Previously, researchers have
modified thin film structure during the MSS by changing system humidity,134 ethanol
vapor concentration,141 the surface chemistry of the substrate,29 and by applying an external
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magnetic field to alter the thin film orientation.337 Extending the MSS period may increase
opportunities to tailor mesostructure of thin films by directly altering the pore size,
structure or functional group incorporation.
Our previous study suggests that alteration of pore structure through compressed
CO2 processing of fluorinated surfactant templated silica film occurs during the MSS
period.274 It was also observed that the x-ray diffraction patterns of fluorinated surfactant
templated thin films varied for the first 12 h of CO2 processing suggesting continuous
changes in pore structure due to progressive silica condensation during that period. This
observed change is attributed to continuous silica condensation and represents a significant
extension in condensation timescales relative to unprocessed films. For example, IR spectra
measurements of silanol bond intensity as a function of aging time of silica film aged in
ambient conditions have suggested that silica condensation for CTAB templated film is
complete after aging times of 20 min.143 Even though CTAB75 and CPB (Chapter 6)
templated materials do not demonstrate significant CO2 based pore expansion, the
possibility of extending condensation timescales for further pore engineering exists if CO2
penetration occurs in those templates.
CO2 localization in the surfactant template is interpreted from the time dependent
fluorescence spectra of the pyrene probes in CTAB templated films for both the briefaged films (aging time < 5 min prior to exposure to CO2) and for the long-aged films
(aging time > 25 min). Silica condensation is expected to be complete for the long-aged
films before being processed in CO2 compared to incomplete condensation for the briefaged films.143 The change in the emission intensity of pyrene is reported as the ratio of
the intensity of the third vibronic emission band of pyrene (I3, emission at 385 nm) to the
initial I3 value (I30) (Fig. 7.5a). I3 is insensitive to solvent polarity and decrease in the
value of I3 as observed in Figure 7.5a indicates overall decreases in pyrene emission
intensity. Since, pyrene quenching is not significant in CTAB micelles,184,330 the decrease
of the emission intensity of pyrene is attributed to CO2 accessing the pyrene present in
the film for both aging times and leaching the pyrene into the bulk CO2. The pyrene is
leached into the bulk CO2 is present at a much lower concentration than pyrene in the thin
film, suggesting that emission intensity from the bulk pyrene is negligible compared to
pyrene emission from the thin film. Hence, most of the contribution to the observed
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Fig 7.5. a) Change in emission intensity and b)
I1/I3 values of pyrene spectra in CTAB templated
film and processed in CO2 at 103 bar and 45C for
aging times less than 5 min ( ) and greater than 25
min ( )
fluorescence emission occurs from the pyrene that remains in the thin film thus resulting
in a decrease in emission intensity. The dissolution of pyrene from polymeric films into
bulk compressed CO2 has been previously reported.217 The rate of pyrene leaching is
similar for films of both aging times suggesting that CO2 accessibility of the CTAB
micelle interface to result in pyrene solvation is not significantly dependent on the extent
of silica condensation.
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The final emission intensity decrease is significant (retaining only 30% of its
initial intensity) and similar for films of both aging times and is obtained at processing
times greater than 6 hrs. Further, depressurization of the system does not result in an
appreciable increase in pyrene intensity. This suggests that pyrene remains dissolved in
CO2 during depressurization and does not re-deposit in the film. To further confirm the
dissolution of pyrene in CO2, the pyrene dissolved in CO2 was captured by bubbling in
ethanol during depressurization. Significant quantities of pyrene were solubilized in the
depressurized CO2, as measured by fluorescence spectroscopy of the ethanol solution.
The solvatochromic behavior of pyrene provides further insight into the
localization of CO2 in the surfactant templated films as a function of aging time. The
I1/I3 values for pyrene emission in CTAB film at 103 bar and 45°C as a function of CO2
processing time are presented in Figure 7.5b. The I1/I3 values are plotted both for the
brief-aged films (aging time < 5 min prior to exposure to CO2) and for the long-aged
films (aging time > 25 min,). The I1/I3 value for the brief-aged films decreases from 1.4
(for a non-processed film) to about 0.9 within the first 20 min of CO2 processing and
remains constant thereafter. The decrease is consistent with a change in pyrene
localization from a micellar interface to a considerably more non-polar environment.
Pyrene emission intensity during CO2 processing has been demonstrated to have
significant contribution only from pyrene fluorescence in the thin film compared to the
pyrene present in bulk CO2. Thus, the shift in I1/I3 values represent a change in pyrene
localization in the thin film suggesting the solubilization of pyrene in a ‘CO2-like’ (nonpolar) environment in the micelle interior for the quick-aged film. Indeed, pyrene present
at micelle interfaces has been demonstrated to be solubilized by compressed CO2 into the
micelle interior.154,338 Interestingly, CO2 penetration in the micelle interior occurs even
for this hydrocarbon surfactant template, which shows no significant pore expansion
when processed with CO2.75 Similar solvent penetration in surfactant tails without micelle
expansion has been observed for alcohols and aromatic hydrocarbons.40
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In contrast to the brief-aged films, a decrease in the I1/I3 ratio of pyrene was not
observed for the long-aged film, suggesting that CO2 is incapable of solublizing the pyrene
in the micelle interior after complete silica condensation.143 Thus, the limit for aging times
to result in successful CO2 penetration in surfactant micelle interior may be less than the
time period for complete silica condensation. For both film aging times, the I1/I3 value is
about 1.35 after CO2 depressurization, indicating that the environmental change in the
vicinity of pyrene is reversible in the quick aged film. During CO2 depressurization, pyrene
returns to the interface from the micelle interior.
The preferential location of C16-pyr in the micelle interior for CPB templated silica
films is used to investigate the localization of CO2 in the surfactant tails and the dynamics
of silica condensation in the films as a function of CO2 processing time and conditions.
Anchoring of the probe system to the micelle interface also results in insignificant CO2based leaching of C16-pyr from the cationic surfactant templated films, as determined from
the negligible change in probe emission intensity in quick aged CTAB templated film for
CO2 processing at 103 bar and 45°C (not shown).
Figure 7.6 plots the change in emission intensity of C16-pyr in CPB templated film
(I1 / I10; I10 is value of I1 before CO2 processing) due to CO2 processing time for both the
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long-aged films (aging time > 25m) and the brief-aged films (aging time < 5 m) as a
function of processing pressure. Significant decreases in C16-pyr emission intensity are
observed for the quick aged films at all conditions of CO2 processing compared to the non
processed films. In the absence of probe leaching, the decrease in emission intensity of C16pyr is attributed to the quenching of the pyrene moiety by pyridinium head group of the
surfactant. This quenching is caused by continued probe mobility in the micelle interior due
to the presence of CO2, resulting in increased interactions of the probe with pyridine. The
magnitude of intensity decrease increases with processing pressure for gaseous CO2
processing from 17 bar (intensity is about 90% of its original value) to 34 bar (about 80%
of original intensity) at 45°C. Emission quenching is even more significant for sc CO2
processing at 103 bar and 45°C (about 60% of original value) but remains constant
thereafter at different sc CO2 conditions.
The rate of quenching is also a function of CO2 processing conditions. Similar
magnitudes of intensity decrease occurring at a fast rate are observed for all CO2
conditions during the first 1 h of processing. Thereafter the rate of decrease slows down
for both gaseous and sc CO2 processing and after approximately 1.5 hours, the emission
intensity of C16-pyr in gaseous CO2 processed films reaches a constant value. In contrast,
the emission intensity continues to decrease for the films processed in sc CO2 for at least
5 hr. Several factors can limit the rate of quenching of the derivatized pyrene probe with
increasing CO2 processing times. C16-pyr mobility in films processed in CO2 might be
decreasing with processing time due to increasing silica condensation, which would limit
the association of pyrene moiety with pyridine group. Alternatively, the quenching may
be limited by the availability of free pyrene even if the probe is mobile. Quenching of
C16-pyr in CPB micelle is expected to follow a static quenching mechanism similar to
quenching of free pyrene in CPB micelles, i.e. through forming pyrene-pyridine
complexes due to electron transfer.334,335 As an increasing number of pyridine groups
form static quenching pairs with C16-pyr with processing time, the probability of pyrene
moiety finding a free pyridine group decreases (where the initial molar ratio of pyrene to
CPB is 9*10-3 : 1). Alternately, the emission intensity of C16-pyr in the long-aged CPB
films remains essentially constant with time for CO2 processing at 103 bar and 45°C
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suggesting that probe mobility is negligible in films having significant silica
condensation.
In-situ fluorescence quenching measurements demonstrate that gaseous and sc
CO2 processing of quick-aged CPB templated films is successful in extending silica
condensation time from about 25 min for the unprocessed film (as suggested by
insignificant quenching for long-aged film) to greater than 5 h depending on processing
conditions through CO2 penetration in the surfactant tails. This technique is applicable to
non-CO2 philic hydrocarbon templates and even gaseous CO2 is capable of extending the
MSS to greater than 1 hour.
7.4.3 High Pressure Nonradiative Energy Transfer.
The preferential localization of the pyrene moiety in the micelle interior for the
anchored probe, C16-pyr, suggests the opportunity to investigate the delivery of CO2
dissolved solutes to the micelle interior. NRET involving anchored probes has previously
been used to investigate solvent and water uptake in micelle and microemulsion
systems.219,220 Naphthalene and pyrene are often used as an energy donor / acceptor
pair;203,204 naphthalene emission and pyrene absorption have a large spectral overlap and
the excitation of the system at 290 nm is selective to naphthalene.339
In this study, naphthalene is dissolved in bulk CO2 and introduced into the film
during the CO2 processing of the CTAB templated film. The pyrene moiety of C16-pyr,
which is anchored to the film through its carboxylic acid tail, is used as the electron
acceptor. The high solubility of naphthalene in compressed CO2 is well documented340,341
and is an advantage of this probe system.

At the low concentrations of naphthalene

required to quantify NRET of the naphthalene/pyrene pair (naphthalene concentration in
CO2 is 5*10-5 M), naphthalene can be directly solublized in CO2 even at low pressures.
Another advantage of the naphthalene/pyrene pair is that the Forster distance (2.9 nm)342 is
greater than the radius of CTAB micelle (~ 2.1 nm).24 Thus, energy transfer will always
occur when naphthalene is localized in the micelle interior, where the pyrene moiety of the
anchored C16-pyr is also localized.
NRET is confirmed from the emission spectra of a CTAB templated film (labeled
with C16-pyr) processed with CO2 (103 bar and 45°C) containing dilute dissolved
naphthalene (Fig. 7.7). Even without the presence of naphthalene, excitation of the C16-pyr

111

IP

16

a

12
8
4
0
300

350

400

450

500

550

600

Wavelength (nm)

IP
50

IN

40
30
b

20
10
0
300

350

400

450

500

550

600

Wavelength (nm)

Fig 7.7. Emission spectra of C16-pyr in CTAB templated film excited
at 290 nm and processed in CO2 at 103 bar and 45°C (a) without
dissolved naphthalene and (b) with naphthalene dissolved in CO2
labeled film at 290 nm displays a weak emission around 377 nm (Fig. 7.7a). However, with
the introduction of naphthalene dissolved in CO2, the emission intensity of C16-pyr around
377 nm is significantly increased, along with a corresponding emission from naphthalene
around 340 nm (Fig. 7.7b). These emission spectra characteristics demonstrate energy
transfer between naphthalene and pyrene moiety of C16-pyr.
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Previous studies have reported that in the absence of CO2, the naphthalene probe
molecule resides at the micelle interface.335 For our system, the quenching of the
fluorescence emission of naphthalene in CPB templated film without CO2 processing also
confirms the presence of naphthalene at the micelle interface and near the pyridinium
headgroup. Hence, NRET of the pyrene-labeled thin films during CO2 processing indicates
delivery of naphthalene by dissolved CO2 to the micelle interior during the synthesis of
templated material. The penetration of naphthalene dissolved in compressed CO2 in the
micelle interior has been previously demonstrated.338
The efficiency of energy transfer between naphthalene and C16-pyr can be used to
interpret the uptake of the CO2-soluble solute, naphthalene, to the tail region of the
surfactant template and changes in the probe localization as a function of CO2 processing
pressure. Efficiency of energy transfer is is calculated using the ratio of the fluorescence
intensities of the acceptor to the donor (IP / IN, where IP is pyrene emission at 377 nm and
IN is naphthalene emission at 338 nm) and is plotted in Figure 7.8 as a function of
processing pressure and time. The IP / IN ratio increases rapidly and has similar values at all
CO2 processing conditions for the first 1 h of processing. The IP/IN ratio continuous to
increase with time and the final values and the processing time required to reach these
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constant values increase with processing pressure from gaseous (from 34 bar to 69 bar at
45°C) to sc CO2 processing (103 bar and 172 bar at 45°C). Approximately 4 hr of sc CO2
processing is required to achieve a constant value of IP / IN (~ 1.2) at both 103 bar and 172
bar.
An increase in the IP / IN ratio indicates either a decrease in the average distance
between naphthalene and pyrene203,204,339 or an increase in the naphthalene / C16-pyr ratio in
the same environment.343 A decrease in the distance between the probes indicates solutesolute clustering between naphthalene and C16-pyr in sc CO2.213,331 However, solute-solute
clustering in sc CO2 has been demonstrated to decrease with increasing CO2 pressure,331
which is in contradiction to the trends of IP / IN values in our system (IP/IN values increase
with CO2 pressure). Hence, solute-solute clustering cannot completely explain the increase
in energy transfer efficiency with pressure and indicates that increase in the naphthalene /
C16-pyr ratio is also occurring. For a constant C16-pyr concentration, an increase in the
naphthalene / C16-pyr ratio indicates an increase in naphthalene concentration and suggests
an increase in naphthalene uptake in the micelle interior with CO2 pressure and processing
time.
7.4.4 Silica Film Processing in Additional Solvent Environments.
The combination of steady state fluorescence quenching and NRET measurements
has been used to establish that compressed CO2 is an attractive solvent to alter timescales
and transport solute molecules in surfactant templated ceramics. The uniqueness of CO2 as
a process solvent for the pore engineering of mesoporous silica films is investigated in
comparison to a pressurized gaseous environment, N2, and with a common pore swelling
agent, decane. Processing of the dip-coated silica films with compressed N2 at 103 bar and
45°C is used to determine if pressure contributed to the extension of silica condensation
timescales in CO2 processed films. Figure 7.9 compares the percentage emission intensity
for anchored C16-pyr in CPB templated film (I1 / I10; I10 is value of I1 before solvent
processing) when processed in CO2 and N2 at 103 bar and 45°C and in decane as a function
of processing time. Quenching of the emission intensity of C16-pyr present in CPB
templated film has been correlated to solvent penetration into the CPB micelle interior and
incomplete silica condensation. In contrast to compressed CO2 processing of CPB films, in
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which the C16-pyr intensity decreases over a period of 5 h, no fluorescence intensity change
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Fig 7. 9. Change in emission intensity of C16-pyr in CPB templated film
and processed 3 different solvents as a function of time.

observed for N2 processing. This suggests that compressed N2 is not effective in extending
silica condensation timescales and result in a continuous mobility of C16-pyr in CPB
micelles.
Decane has previously been used as a pore swelling agent in the synthesis of CTAB
templated silica powders through localization in a separate region inside the micelle core.37
In the current study, CPB templated silica film with C16-pyr as probe was immersed in
decane after aging for 5 min. The decane to CPB molar ratio was 1:1 and was similar to the
ratio previously used to achieve pore expansion in mesoporous silica.37 Similar to
compressed N2 processing, no change in emission intensity was observed as a function of
time (Fig. 7.9). The results indicate the inability of decane processing to result in extension
of silica condensation timescales.

7.5 Conclusions.
Fluorescence spectroscopy was established as a novel technique to investigate the
penetration of compressed CO2 in surfactant templated silica films. The potential of CO2
processing to alter templated thin film structures through penetration in the surfactant tail
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and extension of silica condensation timescales was demonstrated for hydrocarbon
surfactant (CTAB and CPB) templated silica, for which negligible pore expansion has been
observed previously.
The ability of fluorescence spectroscopy to successfully follow the delivery of CO2
solubilized small solutes in mesoporous silica suggests its application in delivery of drug
molecules, reactants and novel functional groups. Sc CO2 is able to access silanol groups in
mesoporous silica that are “inaccessible” to traditional liquid solvents due to its favorable
transport properties.344 Sc CO2 has also been used to load and encapsulate drugs into
polymers and nanoparticles,284-286 while mesoporous silica with tailored pore sizes has been
used for adsorption of drugs because the release rate can be tailored with pore size.146 The
potential exists for application of sc CO2 to load drug molecules and functional groups in
mesoporous silica while simultaneously extending silica condensation, thus suggesting a
more uniform distribution of solutes and loading in more “inaccessible” regions than
possible for CO2 processing after complete silica condensation. Indeed, it was
demonstrated that extension of silica condensation timescales through solvent processing is
not a general phenomena for all solvents, but is unique to compressed CO2 processing of
surfactant templated materials. Knowledge of the timescales of silica condensation and the
localization of solute/reactant molecules as a function of CO2 processing time and pressure
allows for the optimization of the solute loading and release in mesoporous materials.
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CHAPTER EIGHT

CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSIONS
Fluorinated surfactants have been recently demonstrated as templates for the
synthesis of ordered mesoporous silica with high surface area. The large van der Waals
radius of fluorine favors aggregates with low curvature and results in mesoporous silica
with novel intermediate mesh-phase structure.31 The strong hydrophobicity of
fluorocarbon groups allows micelle formation with small chain fluorinated surfactants
which was successfully translated to the synthesis of ordered mesoporous silica with pore
size in the microporous range31 and having potential application in catalysis.89 The
synthesis of novel fluorocarbon functionalized mesoporous silica using fluorinated
templates towards application in chromatography for separation of fluorocarbon and
hydrocarbon cmpounds has also been demonstrated.77 This dissertation addresses another
major advantage of fluorinated templates, namely their favorable interactions with sc CO2
to tailor pore structure of the materials directly through sc CO2 processing during
synthesis.

In Chapters 3 and 4 we demonstrate the first synthesis of mesoporous

silica thin films using three cationic fluorinated surfactants (perfluoralkyl pyridinium
chlorides HFOPC, HFDePC, and HFDoMePC) as templates by dip-coating an acidcatalyzed sol-gel solution. A predictive method towards obtaining the dip-coating
solution is established by using the phase behavior of the binary fluorinated cationic
surfactant/water system to guide the synthesis recipe. Well-ordered silica thin films with
2D hexagonal pore structure are obtained for all three templates. Pore size increases for
the longer tailed surfactant, HFDePC (C10 chain) compared to the shorter chain
surfactant, HFOPC (C8 tail). Pore size for films templated with the branched surfactant,
HFDoMePC and straight chain surfactant HFOPC are very similar, even though
HFDoMePC contains an extra CF2 group in tail compared to HFOPC. This is consistent
with the fact that pore size is determined by the length of the hydrophobic tail group of
the surfactant.51 Indeed, the surfactant tail length for HFOPC and HFDoMePC were
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demonstrated to be similar, with the extra CF2 group for HFDoMePC being part of the
terminal branching in the tail.
Compressed CO2 processing of these fluorinated surfactant templated thin films
(i.e., HFOPC, HFDePC, and HFDoMePC templated material) resulted in significant pore
expansion with the degree of pore expansion varying according to template structure and
processing conditions. For a particular template, a larger magnitude of pore expansion
was observed for CO2 processing at lower densities, but pore diameter was nearly
constant at higher CO2 density (ρCO2 > 0.6 g/ml). At similar CO2 processing conditions,
pore expansion was greater for the longer tailed surfactant (HFDePC compared to
HFOPC) and also increased with template branching when compared between two
templates of similar length (i.e., greater expansion for HFDoMePC compared to
HFOPC). The significantly different pore expansion behavior observed by varying
templates and CO2 processing conditions suggest opportunities to tailor processing
variables to obtain materials with pre-determined pore size. The relative solubility of the
three fluorinated surfactants in CO2 and water, as well as their interfacial activity at the
CO2-water interface, correlated with the pore expansion. This approach provides a guide
to the design surfactant templates that can be solvated by CO2 to obtain specific pore
sizes.
The successful use of CO2 processing to synthesize pore tailored fluorinated
surfactant silica films was extended to base-catalyzed silica powders synthesized by
using HFOPC as the template. CO2 processing of silica powders allowed for the
investigation of higher processing pressures than thin film synthesis (up to 344 bar
investigated compared to 172 bar for thin film), the effect of pH change on surfactant
self-assembly in CO2, and the effect of aging time (sol-gel reaction time before CO2
processing) on the final pore structure. The pore expansion in mesoporous silica was
dominated by CO2 solvation of the surfactant templates. The trends of pore expansion as
a function of CO2 pressure were very similar to CO2 uptake trends in surfactant and
polymer systems. The percentage pore expansion in powders is significantly less than
observed in the acid-catalyzed films because CO2 solvation of surfactant templates in
powders has a competing phenomenon, namely a decrease in micelle size due to change
of system pH from initial basic condition to acidic with CO2 processing. In addition,
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whereas silica condensation is delayed in acid-catalyzed film (system pH of 2 is near the
isoelectric point of silica), significant silica condensation occurs in the base-catalyzed
silica powders even before CO2 processing. This enhanced silica condensation possibly
inhibits pore expansion, which may also be a reason for the lower expansion observed in
the powders. A maximum aging time of 20 m was determined to be appropriate for
obtaining significant pore expansion while retaining the long range order of the silica, as
longer aging times resulted in increased silica condensation and subsequent constrained
pore expansion.
Ex-situ characterization of pore expansion between films templated with a
fluorinated

surfactant,

a hydrocarbon surfactant

and

a surfactant

containing

hydrocarbon/fluorocarbon segments was used in Chapter 5 used to infer the CO2
penetration in fluorocarbon (CF2) and hydrocarbon (CH2) regions of concentrated
surfactant mesophases. The higher hydrophobicity of fluorinated surfactants resulted in
slight dewetting of the fluorinated surfactant solution on a glass substrate and synthesis of
slightly non-uniform thin films compared to hydrocarbon templated films. However, the
fluorinated surfactant solution has a lower surface tension and was successful in forming
silica films on very low energy substrates, suggesting increased application of such
materials. CO2 processing of a hydrocarbon/fluorocarbon surfactant (HFCPC, (CH2)10(CF2)5CF3 tail) templated material resulted in significantly greater pore expansion
compared to the negligible expansion observed for an analogous hydrocarbon surfactant
(CPB, -(CH2)15CH3 tail) templated.film suggesting greater CO2 penetration in CH2
groups compared to CF2 regions in mesophases. A comparison of the the pore expansion
behavior of thin films templated with two fluorinated surfactants reveals an increasing
extent of pore expansion with an increasing percentage of ‘CO2-philic’ fluorocarbon
groups in the surfactant tail and the preferential CO2 delivery to ‘CO2-philic’ regions in
mesophases.
Finally, real time high pressure fluorescence spectroscopy was used to investigate
the extent and localization of CO2 penetration in surfactant templated materials. In-situ
CO2 processing was probed for two hydrocarbon templated (CTAB and CPB) materials,
for which negligible pore expansion after CO2 processing had been demonstrated.
Interestingly, CO2 penetration was observed in surfactant tails of both templates.
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Fluorescence quenching measurements demonstrated that the CO2 penetration resulted in
a pressure dependent extension of silica condensation timescales, suggesting alternative
methods for CO2 to alter porous film structure without significant pore expansion.
Fluorescence non radiative energy transfer was successfully used to estimate the
localization of CO2 and follow the delivery of solutes dissolved in CO2 in surfactant
templated silica. These results suggest an approach for in-situ investigation of loading of
drug molecules and reactants in porous materials.
The ability to tailor the pore structure of fluorinated surfactant templated silica
films through sc CO2 processing of ‘CO2-philic’ fluorinated templates is established in
this study using a series of perfluoroalkyl pyridinium chloride surfactants as model
templates. . As hypothesized, pore expansion can be tailored by tuning the solvent
strength of CO2 with pressure and changing template structure. CO2 processing of
hydrocarbon surfactant templated thin films results in negligible pore expansion
extending the concept ‘CO2-philicity’ to the processing of concentrated surfactant
systems.

8.2 FUTURE WORK
An extensive investigation on the effects of CO2 processing of surfactant
templated silica towards tailoring the pore structure has been performed in this study. The
ability of CO2 to selectively solvate the ‘CO2-philic’ regions of surfactant mesophases
was demonstrated, suggesting the potential for delivering reactants/drug molecules to
specifc regions of mesophases. As a first step towards understanding of the mechanism of
CO2 penetration and a predictive guide for template design, the pore expansion has been
interpreted from the two basic thermodynamic properties of the templates, solubility and
interfacial behavior.
Monte Carlo simulations investigating CO2 penetration in surfactant mesophases
and templated silica will help to increase understanding of the mechanism of CO2
penetration in such systems. The first step towards this objective is to combine studies of
self-assembly and micelle formation of fluorinated surfactants at low concentration in sc
CO2 using large-scale Monte Carlo simulations345,346 with Monte Carlo studies of solventsurfactant-inorganic oxide.347,348 A well-designed simulation system will become a
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powerful technique to quickly screen templates and suggest processing conditions for
CO2 processing to result in porous materials with specific pore sizes.
Establishing the procedures for real time spectroscopy probing of CO2 processing
of surfactant templated silica provides a powerful technique towards investigating a
variety of important processes in surfactant aggregates and porous materials. The
application of fluorescence spectroscopy was initially motivated by the ability of CO2
processing to swell fluorinated surfactant templates and a need for better understanding
of the swelling mechanism. Hence, our immediate future objective is to establish a probe
system for the fluorinated surfactant templated materials and to understand the
mechanism and uptake of CO2 in the ‘CO2-philic’ fluorinated tails. Comparison of those
results with that obtained for the hydrocarbon template system will allow us to make
better design of surfactant templates to obtain a specified tailored pore size.
The release rate of drugs (e.g. ibuprofen) from mesoporous silica has been
previously tailored with pore size.146 Sc CO2 has been previously used to load and
encapsulate drugs into polymers and nanoparticles284,285 and can be potentially used to
dissolve and transport drug molecules into mesoporous silica while at the same time
tailoring CO2 conditions to expand the pore size to obtain the desired release rate.
Simultaneous to drug transport, increasing silica condensation timescales through CO2
processing has potential for a more uniform loading, while designing surfactant templates
with specific ‘CO2-philic’ regions will allow increased CO2 penetration and hence drug
loading in those desired regions. Finally, fluorescence spectroscopy established in this
study to follow the transport of small solutes (naphthalene) dissolved in compressed CO2
in mesoporous silica can be extended to monitor the delivery of drug molecules, thus
allowing further control over the loading process.
The use of sc CO2 towards loading solutes in mesoporous silica will potentially
have applications in areas beyond drug loading. Mesoporous silica thin films with precise
orientation of the porous channels have many applications in addition to those possible
for porous silica powders in areas such as membrane separation, sensing and in
semiconductor industries. Many of these applications require the use of functionalized
silica thin films, for example, carboxy,349 thiol and amine functionalized films350 as
sensors. The favorable transport property of sc CO2 has resulted in CO2 penetration to
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regions ‘inaccessible’ to organic solvents in mesoporous silica344 and suggests its
application as an attractive solvent for post-functionalization of silica film with a variety
of ‘CO2-philic’ groups.
Our research group has also synthesized novel fluorocarbon functionalized and
amine functionalized mesoporous silica. CO2 has favorable interactions with both amine
groups as demonstrated by CO2 adsorption on different amine-functionalized
compounds351 and also with fluorocarbon groups as demonstrated in this dissertation. Sc
CO2 processing of the above functionalized materials has potential to provide increased
accessibility of the functional groups because of its advantageous transport properties and
also the potential to alter surface charge and structure of the materials by either functional
group solvation or specific chemisorption.

Copyright © Kaustav Ghosh 2007
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APPENDIX A

SOLUBILITY OF NOVEL NONIONIC FLUORINATED ESTERS IN CARBON
DIOXIDE

A.1

Introduction
This dissertation has extensively investigated methods of tailoring pore

size of surfactant templated mesoporous silica materials through compressed CO2
solvation of custom designed ‘CO2-philic’ templates directly during synthesis. The same
properties of sc CO2 making it an attractive processing solvent for tailoring porous silica
in this dissertation, namely a high diffusivity for quick transport in the pores and
templates, a low surface tension that prevents any pore collapse during depressurization
and a pressure tunable solvent strength for controlled solvation of surfactant tail suggests
its application for extracting ‘CO2-philic’ surfactant templates for obtaining the final
porous silica without structure collapse. Indeed, several studies have used sc CO2
processing to extract surfactant templates from both mesoporous silica powders275,352,353
and films354 and have demonstrated that sc CO2 extraction results in more uniform pore
size distribution compared to calcination for MCM-41 samples.352 However, most of
these studies either used very high pressures (> 125 bar) making the process less
economic or co-solvents like ethanol354 introducing solvent separation problems after
extraction or had a low efficiency of surfactant removal (< 80 %).275 Designing surfactant
templates with specific ‘CO2-philic’ properties has potential to improve extraction with
respect to all the problems discussed above. The first step towards designing ‘CO2-philic’
templates for extraction by sc CO2 is to measure the solubility of different surfactants in
compressed CO2 as a screening tool for identifying surfactant systems with high
solubility in. The solubility of a homologous series of nonionic fluorinated surfactants
(nicotinic acid esters) in compressed CO2 is reported here as a function of surfactant
chain length, concentration and CO2 pressure and temperature.
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A.2

Experimental Section
Table A.1 Structures of the nonionic fluorinated nicotinic acid esters in this study
Name
FONE-1

Chemical Name
1H,1H Perfluoro octyl
nicotinate

Structure
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F F

F F
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F F

F F F
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FONE-2

1H,1H,2H,2H Perfluoro-octyl nicotinate

H H F F F F F F

O

F

O

H H F
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FHNE-2

1H,1H,2H,2H Perfluoro-hexyl
nicotinate

H H F F F F

O

F

O

H H F

F F

F

N

Solublity studies in compressed CO2 were conducted using a Pressure Volume
Temperature (PVT) apparatus (DB Robinson Design & Manufacturing Ltd., Edmonton,
Canada). The apparatus consists of a temperature-controlled airbath unit (±0.1 oC), which
houses a high-pressure variable view cell (total sample volume of 130 mL; rated to 700
bars and 200 oC) equipped with a magnetic mixer. The temperature of the airbath unit is
controlled by a digital controller (Omron Corporation, model E5AK; Kyoto, Japan). The
system pressure is measured with a digital pressure indicator (Heise Model 901A,
Dresser Industries Inc., Newton, CT; ±0.5 bar). The temperature of the airbath unit and
the PVT cell is measured with two Platinum 100Ω (±0.3 oC) Resistance Temperature
Devices. The variable volume view cell is pressurized using a syringe pump (ISCO
Model 260D, Lincoln, NE) to generate pressure in an overburden fluid (water), sealed
from the sample by a O-ring piston. An additional syringe pump (ISCO 500D) is used to
inject the desired amount of CO2 into the view cell.
An experimental run was initiated by loading a measured amount of the sample
into the cell. After the system was thermally equilibrated, CO2 was injected to make a
mixture with an initial surfactant concentration of 10 weight %. This mixture was stirred
continuously. The pressure of the view cell was then increased slowly until the mixture of
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surfactant and CO2 formed a single, homogenous and optically transparent phase. The
formation of a transparent phase was noted both by the naked eye and also with the help
of a CCD camera-based measurement system. The pressure of the view cell was then
decreased and the cloud-point pressure (CPP) was identified as the pressure at which the
solution is no longer transparent. Bubble point pressure (BPP) is the pressure at which a
homogenous, one phase liquid on decreasing the pressure starts forming a two phase
liquid with the first stream of bubbles coming out of the liquid. In some cases when the
surfactant is highly soluble in CO2, BPP of the solution is at a higher pressure than the
CPP and the bubble point pressure was reported as a measure of surfactant solubility. The
procedure of recording the CPP or BPP was duplicated to obtain an averaged pressure
reading. Once the CPP was recorded, more CO2 was injected to decrease the surfactant
concentration. CPP for any surfactant at a particular temperature was observed for a
range of surfactant concentration from 10 wt% to 1 wt%.

A.3 Results and Discussion
The CPP of the three surfactants, FONE-2 and FHNE-2 is reported in Figure 1 as
a function CO2 temperature (25°C, 35°C and 45°C) and surfactant concentration (10 wt%
to 1 wt% in CO2). For a given temperature, a single homogenous one phase is present
above the CPP whereas the solution turns opaque below the CPP. All three surfactants
were soluble in liquid CO2 at 25°C at any pressure above BPP for all concentrations and
hence BPP was identified as a measure of solubility. For all surfactants and at a fixed
concentration, CPP increased with an increase in temperature. For example, for FONE-2
at a surfactant concentration of 5 wt%, CPP at 35°C is 80 bar while CPP at 45°C is 95 bar
(Figure A.1). The CPP at a particular temperature for this surfactant system is not
strongly dependent on the surfactant concentration (Fig. 1) and is consistent with
previous reports of solubility of siloxane-based nonionic amphiphiles in CO2.355
However, the trend is not general for all surfactants in CO2 as demonstrated in another
study where an increase in CPP was noted with concentration of fluoroethers at a
particular temperature.356 The CPP for this homologous series of surfactants is not
significantly dependent on the length of the fluorinated chain. For example at 35°C and
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surfactant concentration of 6 wt%, CPP of FONE-2 (C8 tail) is 80 bar while that for

100
FONE-1, 25C
FONE-2, 25C
FHNE-2, 25C
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Figure A.1. Cloud point and bubble point pressure for FONE-1, FONE-2 and
FHNE-2 as a function of surfactant concentration at different temperatures.

FHNE-2 (C6 tail) is 83 bar (Figure A.1). CPP for homologous surfactants is expected to
increase with an increase in the molecular weight of the surfactant. However, for this
system the additional CO2-philicity of FONE-2 due to a greater number of CF2 groups in
its tail may compensate for its increased molecular weight due to its longer chain and
result in the final solubility being similar for both surfactants. FONE-1 having the same
number of carbon atoms in its tail but with one extra CF2 group compared to FONE-2 has
a CPP very similar to that of FONE-2 (Figure A.1). The negligible difference in CPP
between the two surfactants is attributed to the presence of large number ‘CO2-philic’
groups in both tails (all the CF2 and carbonyl groups) which leads to a very low CPP for
both surfactants and the extra CF2 group in FONE-1 does not make a significant
difference in solubility.

A.4 Conclusions
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We successfully demonstrated the very high solubility of a homologous series of custom
designed nonionic fluorinated surfactants in compressed CO2. The lowest CPP reported
in this study was around 64 bar for all three surfactants at 25°C and for all concentrations
and was actually the BPP of CO2. This was the result of the very high solubility of all
three surfactants in CO2 resulting from the specific design of ‘CO2-philic’ surfactants by
combining different ‘CO2-philic’ groups. Indeed, CPP’s reported in this study is lower
than most reported CPP values in literature.356,357 However, the surfactants could not be
successfully used as templates to form ordered mesoporous silica materials and hence
their high solubility in CO2 could not be extended to template extraction using
compressed CO2.
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APPENDIX B

INVESTIGATION TOWARDS ALIGNMENT OF MESOCHANNELS IN
MESOPOROUS SILICA FILMS THROUGH APPLICATION OF A MAGNETIC
FIELD

B.1 Introduction
CO2 processing of thin films to result in pore expansion and extension of silica
condensation timescales has indicated the advantages of the Modulable Steady State
(MSS) period (silica condensation period) in silica film synthesis to alter silica structure
through application of an external field. Indeed, different studies have modified thin film
structure during the MSS period by changing system humidity134 and ethanol vapor
concentration134 and changed thin film orientation by changing the hydrophilic properties
of substrates.141 External magnetic fields have also been successfully used to alter
orientation in silicate-surfactant liquid crystals358,359 and mesoporous silica monoliths359
and thin films.337 Preferential orientation of the channels was obtained based on the
interactions between the magnetic field and the collective diamagnetic susceptibilities of
all the molecular components in the material. The orientation obtained for mesoporous
silica in presence of the magnectic field was demonstrated to remain even after removal
of the magnetic field and also extraction of the surfactants. Preferred orientation,
especially where the porous channels are oriented orthogonal to the substrate has
potential to increase applications of the porous films in membrane separation and
photovoltaic cells.143 However, one problem in all the above studies was the requirement
for a magnetic field with very high strength, since the diamagnetic susceptibility of the
hydrocarbon groups in the templates is low and application of NMR instruments358,359 or
superconducting magnets with large currents337 were needed to generate the required
magnetic field (about 12 T). The diamagnetic susceptibility of fluorocarbon groups are
much larger than hydrocarbon groups and it has been demonstrated that the hexagonal
channels of a fluorinated liquid crystal can be preferentially aligned in a magnetic field
with strength as low as 2T.360 Having successfully synthesized for the first time,
fluorinated surfactant templated mesoporous silica thin films, the objective was to use a
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low strength magnetic field to achieve orthogonally oriented pore arrays in mesoporous
silica films.

B.2 Experimental Section
Six permanent Neodymium block magnets (NdFeB, Grade N 42, dimensions 4" x
2" x 1/2" thick) with field strength of about 0.25 T each were obtained from K&J
Magnetics, Inc. and placed in a custom designed wooden holder such that 3 magnets were
on each side of a narrow slit of width 2 cm. With the field strength being additive, the
strength in the narrow slit is expected to be greater than 1T. Mesoporous silica thin films
were synthesized using HFOPC as template by dip-coating solution on a hydrophilic
glass substrate and immediately after coating was placed inside the slit in the magnetic
field. The placement of the film and the block magnets was done to ensure the direction
of the magnetic field perpendicular to the substrate.
Characterization of the film structure and orientation was performed using 1D
XRD and TEM. Sample preparation was performed in a similar manner as done in the
rest of the dissertation. It has been demonstrated previously that when 2D hexagonally
structured films have their porous channels oriented orthogonal to the substrate, no X-ray
diffraction occurs in the detector plane for a 1D XRD.145 Previously, the absence of such
peaks in 1D XRD spectra combined with the presence of ordered structure in TEM
images has been used to confirm the synthesis of mesoporous silica thin films with 2D
HCP ordering and orthogonally oriented channels.143 Alternatively, the presence of peaks
in 1D XRD for 2D hexagonally ordered thin films indicate orientation of the porous
channels parallel to the substrate.145

B.3 Results and Discussions
Surfactant templated mesoporous silica thin film synthesized by dip-coating and
without the application of any external field has been demonstrated to result in the porous
channels aligned parallel to the substrate for 2D hexagonally ordered materials.143 It has
been previously demonstrated that hexagonal silicate-surfactant liquid crystal domains
align their channels parallel to a magnetic field when no other additives are present.358

129

Therefore, our experimental set-up is expected to result in orthogonal orientation of
porous channels for 2D hexagonally ordered mesoporous silica thin films.

Intensity (arb units)

6000

a

5000
4000
3000
2000
1000
0
2

3

4

5

6

5

6

2-theta

Intensity (arb units)

3000
2500

b

2000
1500
1000
500
0
2

3

4
2-theta

Figure B.1. XRD plots of silica thin film templated with HFOPC and with (a)
no magnetic field and (b) in the presence of magnetic field of strength ~ 1T

Figure B.1 reports the XRD plots of HFOPC templated silica thin films without
the application of any external field (Figure B.1a) and after processing in the magnetic
field immediately after coating for 72 h (Figure B.1b). For both the plots, sharp peaks
corresponding to the (100) reflection of 2D hexagonally confirms the synthesis of ordered
mesoporous silica. TEM images (not shown) further confirm the long range ordering of
the synthesized materials both with and without application of the magnetic field. The
presence of the peak further confirms the orientation of the porous channels to be parallel
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to the substrate and suggests that the magnetic field was unsuccessful in obtaining
orthogonal orientation of the porous channels.

B.4

Conclusions
The parallel orientation of the porous channels in a 2D hexagonally ordered

porous silica thin film was not significantly altered upon application of an external
magnetic field during the MSS period. The field strength in the vicinity of the film
(expected to be about 1T) was lower than the field strength of about 2T used in a
previous study to align channels of a fluorinated hexagonal liquid crystal360 and was
probably too low to significantly alter channel orientation. Future directions of this study
should be aimed at increasing the field strength. Also additional characterization methods
including 2D XRD would give a better idea of the exact change in orientation of the
porous channels compared to 1D XRD which can only identify orientation change when
the porous channels are aligned almost perpendicular to the substrate and is not an
effective technique to identify partial change in orientation.
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